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NIR = Near-infrared reflectance 
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NSP = Non-starch polysaccharides 
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QTL = Quantitative Trait Locus 
RCBD = Randomised complete block design 
RDB = Rate of dough breakdown (defined as the slope 1 min after peak time) 
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glutenin from the 1A and 1B chromosomes, HMW secalin from the 1R chromosome, 
LMW glutenin from the 1A and 1B chromosomes, and 75k γ-secalin from the 2R 
chromosome 
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Abstract 
 
Triticale (X Triticosecale Wittmack) is a high-yielding and vigourous interspecific hybrid 
between wheat and cereal rye. The crop is known for tolerance of abiotic stresses and high 
biomass production, and thus it has the potential to increase the profitability and 
productivity of growers in marginal environments and to help address the food production 
challenges of the 21
st
 century. The original cultivars from the 1960s and 1970s usually 
produced grain with flour properties in between triticale’s progenitor species, and thus 
produced dough inferior to wheat and unsuitable for a range of food products, including 
loaf bread, flat bread, cakes, biscuits and crackers. However over the last 40 years, grain 
yield and grain quality for animal feed have been significantly improved through breeding 
and selection, and hence indirect improvements (or at the least, genetic drift in quality 
alleles) in its potential to produce good food products could be expected. Furthermore, 
significant advances in wheat quality research have produced vast amounts of information, 
methodology and technology that can be easily used to improve triticale quality, and the 
tastes of the modern consumer are different to those of 40 years ago. This thesis aimed to 
characterise the flour properties of a range of modern triticale cultivars and compare them 
to wheat, then investigate genetic, agronomic and post-harvest strategies to improve the 
value of the grain for a human food market. Focus was given to the two major scientific 
issues which have historically hindered the use of triticale flour in food products – poor 
gluten strength and high α-amylase activity – and to other quality traits of commercial 
significance. 
The grain and flour quality was quantified in up to 17 modern triticale cultivars grown in 
four environments over 2 years – Greendale, NSW in 2009 (JP09), Cowra, NSW in 2010 
(COW10), both of which are typical triticale growing environments with poor soil and 
minimal fertiliser, Narrabri, NSW in 2010 (NARR10), which is a high yielding, high 
quality environment known for producing Australian Prime Hard wheat, and Stirling, SA in 
2011 (SA11) which is a high protein, low yielding environment. Field plots were arranged 
in a randomised complete block design at JP09, COW10 and NARR10 with minimal 
irrigation; rust was controlled with fungicide. The three varieties from SA11 were sourced 
from commercial seed production lots. Grain was milled to wholemeal flour on a Newport 
Scientific hammer mill with 0.5mm screen, and to white flour on both a Quadrumat® 
Junior Mill and a Bühler experimental mill.  
Glutenin and secalin subunits were characterised by SDS-PAGE and the gluten properties 
were investigated using the SDS-sedimentation test and mixographs. α-Amylase activity 
was investigated spectrophotometrically and using the falling number test. These 
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measurements were compared to estimations of grain protein, non-starch polysaccharides 
(NSP), starch content and fibre content using near-infrared transmittance (NIT). Flour 
protein was estimated by NIR (near-infrared reflectance). The pasting properties of milled 
flours were evaluated on a Newport Scientific Rapid Visco Analyzer according to AACC 
76-21, except 10 mM AgNO3 was used in place of DI water to inhibit α-amylase activity. 
Grain hardness was measured by the Single-Kernel Characterisation System and moisture 
and ash content by standard oven methods. Colour of Junior milled flour was assessed 
using a Minolta Chroma meter CR-400. Finally, plain cookies were baked according to a 
standard recipe used to assess soft wheats. 
Variability in the glutenin and secalin subunits was small relative to global diversity 
amongst triticale cultivars, and reflects the narrow genetic base of material in Australian 
breeding programs. The gluten quality of these triticale cultivars was inferior to bread 
wheat but similar to soft wheat; however the protein content of triticale flour was 
significantly lower than wheat flour. Lower triticale protein content represents a change 
from early cultivars and reduces its capacity to form viscoelastic gluten. Cultivars Hawkeye 
and Vicuna were recommended for breeding to improve gluten strength in locally adapted 
germplasm. 
Much greater variability in starch and NSP characteristics were found in triticale compared 
to wheat, and the ranges overlapped between species. The cultivars Tobruk, Yukuri and 
Berkshire expressed equivalent α-amylase activity to wheat; cultivars Jaywick and Yukuri 
were found to have partially waxy starch. Triticale generally exhibited higher NSP, 
equivalent pasting properties, higher α-amylase activity and lower falling number than 
wheat checks. However, low falling number was not indicative of high α-amylase activity; 
this contradicts the assumptions on which previous triticale research was based and has 
implications for the interpretation of research and the use of falling number to compare 
triticale to wheat. Furthermore, an unexpected negative correlation was observed with NSP, 
where higher NSP reduced the slurry viscosity measured in the falling number test. 
Modification of the falling number test is recommended before it can be used in triticale 
breeding programs. Nevertheless, the observed genetic variability in starch characteristics 
and α-amylase activity indicates some triticale cultivars have waxy properties conducive to 
the production of noodles, and that certain lines exhibited similar late-maturity α-amylase 
activity to modern wheat cultivars: an indirect benefit of breeding and selection over the 
past few decades.  
Like starch properties, great variation was found amongst triticale cultivars for hardness, 
colour and milling yield. Berkshire displayed a grain hardness equivalent to durum wheat, 
suggesting a null allele at the rye softness protein locus (Sin locus); the remaining cultivars 
exhibited a grain hardness between soft wheat and bread wheat. The high milling yield and 
low fibre content of Tobruk (milling yield was even higher than bread wheat) suggested 
this line has a thin seed coat and thus would be an excellent parent for the genetic 
improvement of triticale milling yield. Average flour ash content was significantly higher 
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than wheat in both statistical and practical terms, and a different bench mark needs to be 
used for low ash triticale flour compared to low ash wheat. Apart from Vicuna and Yukuri, 
triticale cultivars produced darker flour than wheat, however with modern consumer 
preferences tending towards ‘healthy-looking’ foods, darker flour should not be a 
hindrance to its utility. The overall results confirmed previous suggestions that triticale is 
suited to soft wheat products such as cookies, and hence their cookie quality was 
investigated. Although the dough behaviour and water absorption of triticale was different 
to soft wheat (specifically, triticale dough tended to loose large amounts of water during 
sheeting), triticale cookies were found to be equivalent to soft wheat cookies. 
Overall, the survey of quality amongst modern triticale cultivars suggested two things: 
firstly, sufficient genetic variation exists amongst current lines to breed triticale cultivars 
with significantly improved flour quality (comparable to wheat for some quality traits); 
secondly, there is a clear need to classify current cultivars into suitability for various end 
uses. This would facilitate efficient marketing to the milling industry and subsequent use in 
food products. 
Improvement of the the poor gluten strength in triticale was attempted by backcrossing 
locally-adapted spring breeding lines to DH265, a winter line which contained a modified 
1R chromosome carrying two translocations from 1D of bread wheat – the Glu-D1d allele 
from 1DL (which simultaneously removed Glu-R1) and the Gli-D1/Glu-D3 locus from the 
distal end of 1DS. Single plant and plot selection was performed on five cross populations 
grown in multiple environments and the yield, protein content and gluten strength was 
analysed on F4-derived F7 grain. Lines containing the translocation had a slightly lower 
yield compared to the null lines and the triticale checks; but similar to the wheat checks for 
all except one cross (which was significantly less). This may reflect a loss of root system 
vigour, head length or higher selection pressure due to lower transmission rate of the 
translocation to offspring. The translocation slightly increased protein content in two 
populations and increased SDS-sedimentation height in one population (after accounting 
for the influence of higher protein content). However, no difference was detected between 
the overall average SDS-sedimentation height of the null lines and the wheat and triticale 
checks. This is partially due to large variability in SDS-sedimentation height within each 
cross population resulting from significant variability at other glutenin and secalin loci. 
Nevertheless, several lines were identified with grain yield equivalent to current triticale 
cultivars (and significantly higher than wheat) plus equivalent SDS-sedimentation height to 
wheat. Thus the translocation is a potential solution to the generally poor gluten strength of 
modern triticale cultivars. 
The viability of using existing variability for secaloglutenin alleles in the progenitor species 
was investigated as a means of creating new germplasm (‘primary triticales’) with high 
gluten strength. The HMW glutenins of five durum lines, and the HMW secalins and 75k γ-
secalins of two rye lines, were defined using SDS-PAGE. These lines were then crossed, 
new primaries were produced, and grain was tested for the expression of secaloglutenin 
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alleles, protein content and SDS-sedimentation height as an estimation of secalogluten 
strength. The secaloglutenin alleles were simply inherited from the parental plants and all 
were expressed normally in the offspring, however it was possible that mixed oligomers 
were formed between glutenins and secalins at the macromolecular level. Significant 
differences were observed in the SDS-sedimentation height of primaries originating from 
different durum parents, suggesting that selection of durum parents with high SDS-
sedimentation is a viable method for producing triticale flour with superior gluten 
properties. 
In south-eastern Australia, dual-purpose cropping is commonly used by growers to manage 
risk in mixed enterprise operations. A preliminary report of lower ash content but 
comparable protein content in triticale produced in dual-purpose systems was reported in 
Bangladesh and hence an experiment was conducted to assess the effect of biomass 
removal on grain yield, test weight, protein content and ash content of grain from four 
Australian dual-purpose triticale lines grown in five year-site environments (ash content is 
correlated with nutritional value, milling yield and flour colour). Ash content was either 
unaffected or increased by removal of biomass and both protein content and grain yield 
were reduced.  It was concluded that although ash content was lower in some lines cut late 
in the season, the general effect was detrimental to quality and even when ash content was 
reduced, the effect was not large enough to reduce the level to that of wheat. Hence similar 
to wheat, dual-purpose triticale systems are not recommended for production of grain for a 
milling market. 
Poor milling yield in triticale is a key concern for millers. However, the high variability of 
grain hardness in triticale, historic problems with grain shrivelling, and lack of varietal 
classification has meant milling is usually conducted without adjusting settings to batch 
characteristics. Hence the importance of tempering moisture was investigated in three 
triticale varieties of varying hardness grown in two environments alongside a wheat 
standard. Milling yield and ash content both increased as tempering moisture was 
decreased from 15% to 11%. Triticale flour could be produced at a similar extraction rate 
as bread wheat provided there was no detrimental effect of high flour ash content. Surface 
area of larger triticale grain may also influence ideal tempering moisture, however further 
investigation is required. Tempering triticale to a moisture content appropriate to its 
physical grain hardness was essential in the optimisation of the milling process.  
The results of this thesis suggests that it is possible to produce triticale cultivars with flour 
properties equivalent to wheat, either through traditional plant breeding, chromosomal 
modification or creation of new primary triticales. However, with a changing market, many 
of the flour requirements have changed since triticale was first investigated in food 
products e.g. increased popularity of darker/wholemeal flours. Furthermore, general 
improvement of the crop over the last few decades has indirectly improved the grain e.g. 
breeding for plump grain has increased starch content and milling yield. Many of the 
current  concerns of millers such as  insufficient protein content, sticky dough, high α-
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amylase production, and low milling yield, can be overcome through fertilizer 
management, classification of varieties into grain hardness, milling yield and protein 
quality classes, and sourcing batches of grain with low α-amylase activity (avoiding 
measurement using the falling number test). There is a clear need to develop a marketing 
pathway for triticale flour in which cultivars and agronomic conditions that optimise 
milling quality are clearly communicated to growers. This is a prerequisite for the 
establishment of a price premium for batches of grain that meet the requirements of millers, 
processers and consumers. The higher yield and abiotic stress tolerance of triticale suggests 
that with focused breeding and an industry-wide push for efficient flour marketing, this 
crop could address some of the food production challenges of the 21
st
 century. 
 
 
 
 
 
Triticale flour and bran with common baking implements
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General Introduction 
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Modern cultivated triticale cultivars (Triticosecale X Wittmack) are derived from 
crosses between tetraploid wheat (Triticum durum Desf.) and cereal rye (Secale cereal 
L.). The high yield potential of modern cultivars in sandy, acidic soils makes triticale 
well suited to Australia and has the potential to increase farm outputs in many parts of 
the country. Triticale is grown as both a grain-only and dual-purpose crop throughout 
the wheat-sheep belt of Eastern Australia and southern parts of Western Australia 
(Cooper et al. 2004). 
Despite the fact that triticale is higher yielding than wheat in almost all conditions, 
relatively little selection has been conducted for flour quality. The market value of 
triticale grain is typically similar to or just below the price of feed wheat, owing to 
substandard flour quality which reduces its utility in food products (Fohner and 
Hernández Sierra 2004). For the last half century, triticale has been bred for increased 
yield, drought tolerance and animal feed quality. However, the expansion of its use in 
human food products would increase the food production capacity of arable lands 
both in Australia and around the world, particularly under drought, land degradation 
and climate change scenarios (Mergoum and Gómez-Macpherson 2004).  
There are several benefits to the use of triticale in food products. Triticale has been 
declared safe for consumption by the Food Standards Council (Bread Research 
Institute 1984). It has higher lysine content than wheat (Mossé et al. 1988), lower 
digestible energy (Heger and Eggum 1991), and higher mineral content (Darvey et al. 
2000) and thus can be claimed to have a health advantage. Various surveys have 
found products made from triticale-wheat blends to be of equivalent (or better) quality 
than pure wheat products, including loaf bread, Indian flat breads, Arabic flat breads, 
cookies and cakes (McGoverin et al. 2011). Furthermore, the market price of triticale 
grain in Australia is lower than milling wheat and thus triticale may allow production 
of a cheaper product (or higher margin for processors) (Cooper et al. 2004). 
However, several barriers remain to the use of triticale in processed flour products in 
Australia (and indeed, these barriers are common to most countries). Most triticale 
cultivars have poor gluten strength, high variability in water absorption and high α-
amylase activity, which makes mechanisation and standardisation of processing 
conditions difficult (Peña 2004). Furthermore, lack of segregation into hardness 
classes and unfavourable grain morphology (long, shrivelled with a deep crease) often 
results in poor milling yield (Darvey et al. 2000). Claims that triticale has sticky 
dough (which has not been confirmed for all cultivars) has also reduced favour with 
processors.  
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Triticale cookies 
 
The two main hindrances to producing food products of acceptable quality are poor 
gluten quality and high α-amylase activity. The relatively weak secaloglutenin mass 
of triticale reduces its capacity to produce a high volume loaf or strong flat bread 
(Peña 2004; Serna-Saldivar et al. 2004). High late maturity α-amylase activity causes 
starch breakdown both within the grain and within flour during processing 
(Trethowan et al. 1993; Coşkuner and Karababa 2005) and the sugars and gums 
produced during starch hydrolysis also alter the flour properties (Peña 2002).  
Although modern triticales exhibit variability for many of these (and other grain 
quality) traits e.g. Serna-Saldivar et al. (2004); Tohver et al. (2005); Erekul and Kõhn 
(2006); little or no direct selection has occurred amongst Australian triticale lines. 
Furthermore, relatively little research on triticale quality has been performed in the 
past 20 years – most hypotheses are based on research in early triticale cultivars, 
which did not have the yield, plump grain and animal feed value of modern lines. 
Hence, it is highly probable that some of these previous observations are no longer 
valid, or at least cannot be generalised across all modern cultivars. 
The aim of this thesis was to investigate the variation amongst quality parameters in 
modern Australian triticale cultivars and to investigate genetic and agronomic 
solutions to some of the major concerns identified by past research and the processing 
industry.  
This thesis spans both plant breeding and cereal chemistry. Thus a review of literature 
is presented which establishes the genetic, phenotypic and market factors which 
underpin flour quality in triticale, and how these relate to the properties of wheat and 
rye flours. The literature review also covers the scientific background of the Glu-D1d 
chromosomal translocation used in this research, the creation of primary triticales, and 
the influence of dual-purpose production on triticale quality. 
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The first body of research was performed on a set of modern Australian cultivars 
grown in four environments in NSW and SA – two of which are typical triticale 
environments (poor soils, limited fertilisation), the third was a high-yielding 
environment from which prime hard wheat and durum are typically sourced, and the 
fourth a low yielding/high protein site from a low rainfall area. The two greatest 
quality concerns regarding triticale flour (poor gluten production and high α-amylase 
activity) are thoroughly discussed in Parts 1 and 2. Part 3 investigates further quality 
tests important to both growers and industry (particularly those with a direct influence 
on milling and product quality), and the properties of triticale cookies. 
This is followed by research into possible breeding, agronomic and processing 
solutions to current triticale quality. The first solution involves a translocation from 
the 1D chromosome of bread wheat into the 1R chromosome of a triticale line which 
was crossed into locally adapted backgrounds. The second solution examines the gene 
interactions and potential of creating new triticales using durums and ryes of high 
gluten quality. The third considers a possible agronomic solution – grazing or cutting 
the biomass to alter grain quality. The final potential solution investigates the role of 
processing conditions – optimisation of tempering moisture prior to milling triticale 
cultivars of various grain hardness. 
Establishing the current quality of Australian triticale cultivars and investigating 
potential methods of improvement from a scientific, breeding and industry 
perspective builds a foundation for the expanded use of triticale in processed food 
products. 
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1 Triticale production in Australia and the world 
 
Around the world, humankind is increasing in number, level of urbanisation and level of 
education. Such global trends have increased the demand for processed wheat-based food 
products. Improvements in technology and the increasingly open-market global economic 
environment have encouraged the purchase of wheat exhibiting specific quality 
characteristics for specific end uses. Thus quality is becoming increasingly important in the 
modern world (Peña 2002). 
The 2007-2008 spike in global food prices brought attention to the challenges of feeding the 
world throughout the 21
st
 century. The causes of this spike have been attributed to droughts 
and floods in exporting countries, increased demand for biofuels, changes in diet as 
countries such as China and India develop (emerging economies), decreases in food stock 
levels due to changes in policy, increasing fuel costs and shift to market-orientated policies 
which are increasing the liquidity and encouraging diversification of agricultural markets 
(FAO 2008). The use of food crops which produce high yield in marginal environments is 
one way to increase food production per unit area of arable land and address some of these 
issues. 
Triticale has had a short history of selection relative to other cereal grains. Breeding began 
in the 1950s at the University of Manitoba, Canada. The CIMMYT program was launched 
by Dr Norman Borlaug in 1965 (Zillinsky 1973). Various chromosome combinations and 
ploidy levels of wheat and rye hybrids have been assembled, however the most successful 
has been the combination of durum wheat (Triticum durum) and cereal rye (Secale cereale) 
(Lukaszewski and Gustafson 1987). Triticale was developed to combine the environmental 
adaptability and disease tolerance of rye with the agronomic, yield and quality characters of 
wheat. Early progress was rapid in breeding for agronomic characters and grain size. 
However in the 1980s, emphasis shifted to breeding almost entirely for biomass production 
and animal feed grain. This concurrently reduced the demand of triticale for human 
consumption. Latest data from the FAO suggests approximately 13 million tonnes of 
triticale are produced annually worldwide – approximately 0.6% of the global harvest of 
cereals (Feuillet et al. 2008). Triticale out-performs wheat in almost all environments, 
although it appears more susceptible than wheat to warm, sunny conditions post spike 
growth stage (Reynolds et al. 2004), which reduces thousand kernel weight. 
Triticale is most popular in Europe where cold climates are conducive to growth and rye is 
relatively common. Poland is the world‟s largest producer of triticale and Germany the 
largest exporter (McGoverin et al. 2011). Triticale contributes a higher proportion of 
Australia‟s cereal production than the global average, however the crop still contributes the 
lowest dollar value of all the major cereals (Table 1). Estimating the true area sown or total 
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production is difficult as grain is often retained on-farm. It is misleading to compare global 
average yields of triticale to wheat or other cereals as it is usually grown in environments of 
low yield potential. 
 
Table 1 Annual production of cereals in Australia (ABS 2012a, 2012b). 
  
Gross 
Value 
($m) 
Local 
Value 
($m) 
Number of 
businesses 
Area 
(km
2
) 
Production 
(t) 
Yield 
(t/ha) 
Wheat 7051.9 6491.7 24732 135017.8 27410.1 2.0 
Oats 220.7 195.2 10762 8260.3 1127.7 1.4 
Barley 1728.5 1567.6 16949 36809.9 7994.7 2.2 
Sorghum 411.9 356.4 2489 6330.7 1934.5 3.1 
Maize 92.4 82.8 749 622.0 356.9 5.7 
Rice 173.6 154.9 809 757.8 723.3 9.5 
Triticale 65.4 57.3 2115 1872.0 355.1 1.9 
Other cereals 100.2 89.5 1867 3535.9 410.2 1.2 
Total 9844.5 8995.5 
 
193206.5 40312.5 
 
       [Cereals not harvested for grain] 7701 6379.1     
 
There has been considerable genetic improvement in agronomic characters, grain size 
and animal feed suitability of triticale grain over the last 20 years, in line with the 
primary uses of the grain. However considering that triticale flour could be used for 
any processed grain product, including loaf breads, flat breads, pasta, malting 
(Blanchflower and Briggs 1991), industrial production of starch, and considering the 
recent increases in grain prices, the triticale industry is well poised to resume its 
emphasis on quality. The crop has significant potential to increase grain production 
per unit area and thus increase the livelihoods of farmers all over the world. Recent 
studies testify to the potential value of triticale in alleviating poverty, such as in the 
Amhara region of Ethiopia, where growing triticale throughout the region has the 
potential to more than feed the number of people estimated to require emergency food 
assistance in 2007 (Gedamu-Gobena 2008). Triticale breeders are starting to publish 
gains in flour quality in their material e.g. Tohver et al. (2005); Manly et al. (2011). 
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2 The genetic basis of quality 
 
“Quality” is a broad term which encompasses the appearance, smell, taste and texture 
of an end product, and the ease of processing the raw material into this product. 
Section 2 of this literature review deals with the basic genetic control of quality 
factors which play a significant role in triticale and its progenitor species. The 
expression of these genes into a quality phenotype is covered in section 3. 
 
2.1 Triticum sp. 
 
2.1.1 Grain storage protein 
The single most identifiable factor in wheat flour quality is the qualitative and 
quantitative properties of the grain storage proteins, termed “prolamins”. Prolamins 
comprise of glutenins and gliadins, which although play the same role in a 
germinating seed, have structural differences which exert significantly different 
effects on dough. Extensive reviews of the structure and function of the major storage 
proteins in wheat were conducted by Shewry and Halford (2001) and Meenakshi and 
Khatkar (2005). 
Gliadins are predominantly monomeric proteins which are soluble in alcohol/water 
mixtures. They are heterogenous polypeptide mixtures and do not form a quaternary 
structure. There are 2 types: 
 ω-gliadins, which lack cysteine residues; and 
 α-, β-, and γ-gliadins, containing intra-molecular disulphide bonds. 
Glutenins are polymers comprised of protein subunits. These subunits are connected 
by inter-chain disulphide bonds. There are two types of subunit: 
 High-molecular-weight (HMW) subunits 
 Low-molecular-weight (LMW) subunits, which are structurally related to α-,  
β-, and γ-gliadins, and have been divided into B, C and D subunits based on 
their SDS-PAGE mobility and isoelectric point 
Payne (1987) described 9 major gene loci for bread wheat storage proteins. In 
homoeologous group 1: 
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 Long arm has loci Glu-1 for HMW glutenin subunits on the distal half of the 
arm. Each locus usually consists of 2 tightly linked genes encoding for x-type 
and y-type HMW subunits (Shewry et al. 1992). These are written as [x-type] 
+ [y-type]. The x-type and y-type gene products differ in molecular weight, 
isoelectric point, electrophoretic pattern, cysteine content and nucleotide 
sequence (McIntosh et al. 2003). Note that the Glu-A1 y-type gene is silent 
(Harberd et al. 1986). 
 Short arm has loci: 
o Gli-1 for ω-gliadins and γ-gliadins, which are inherited together as 
allelic blocks (and thus sometimes designated as Gli-1-1 and Gli-1-2) 
despite γ-gliadins being structurally related to α-gliadins and β-gliadins 
(Autran and Galterio 1989);  
o Gli-3 for ω-gliadins, 22 to 31 cM proximal to Gli-1 (McIntosh et al. 
2003);  
o Gli-5 for ω-gliadins, distal to Gli-1 (McIntosh et al. 2003);  
o Gli-6 for ω-gliadins, distal to Gli-1 with strong evidence that it is 
distinct from Gli-3 and Gli-5 (McIntosh et al. 2003); 
o Glu-2 for LMW glutenin subunits, closely linked to Gli-3 (Ruiz and 
Carrillo 1996). The genetic linkage between γ-gliadins and LMW 
subunits on the short arm of chromosome 1 means γ-gliadins can be 
used as markers for glutenin strength (Payne et al. 1984); and 
o Glu-3 for LMW glutenin subunits, closely linked to Gli-1 (Singh and 
Shepherd 1988; McIntosh et al. 2003). 
In homoeologous group 6: 
 Short arm has locus Gli-2 for α-gliadins and β-gliadins (Payne 1987). 
The major gene loci contain extensive allelic variation. Payne (1987) estimated the 
number of permutations at about 500 million, not including prolamins found in wheat 
landraces. 
 
2.1.2 Friabilins 
Friabilin is an approximately 15 kDa protein fraction associated with the surface of 
starch granules in the grain endosperm (Morris 2002). Friabilin is responsible for a 
significant proportion of grain hardness and thus greatly influences the quality. The 
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members of this protein family include puroindolines, grain softness protein, α-
amylase/trypsin inhibitors and non-specific lipid transfer proteins. 
The single greatest influence on hardness in hexaploid wheat is the puroindoline (pin) 
locus (Martin et al. 2008). This locus is comprised of two tightly linked genes located 
on chromosome 5DS, with a report of an A-genome variant (McIntosh et al. 2003). 
The functional puroindoline forms are designated Pina-D1a and Pinb-D1a, with other 
allelic forms designated Pina-D1b to Pina-D1g, etc. Mutations at one or both of the 
hardness loci (Pin-a or Pin-b) increase grain hardness (Morris 2002). Puroindolines 
are highly basic proteins which are cysteine rich with a tryptophan-rich domain 
(Lillemo et al. 2000), and their presence results in a „soft‟ grain texture.  
Grain softness protein (GSP-1), is also encoded on the distal end of 5DS near Ha, and 
also on 5AS and 5BS (Morris 2002). They share approximately 40% identity and 60% 
similarity with pin proteins and likely have a similar tertiary structure (Bhave and 
Morris 2008).  
The Pin genes have been deleted from the A and B genomes, however GSP-1 has 
been conserved (Bhave and Morris 2008). Hence as puroindolines are completely 
absent, durum wheat (AABB) exhibits very hard grain texture (Table 2). Most wild-
type wheats produce puroindolines and grain softness protein (Bhave and Morris 
2008).  
 
Table 2 Genetic control of texture in wheat and its progenitors. 
Species Texture 
Puroindoline a 
(or equivalent) 
Puroindoline b 
(or equivalent) 
Grain 
softness 
protein 
Source 
Triticum aestivum 
A genome 
B genome 
D genome 
Soft to hard 
 
null 
null 
present 
 
null 
null 
present 
 
present  
present  
present 
(Bhave and Morris 
2008) 
T. durum 
A genome 
B genome 
Very hard 
 
null 
null 
 
null 
null 
 
 
(Gautier et al. 2000) 
Aegilops tauschii 
D genome 
Soft present present present 
(Morris 2002; Bhave 
and Morris 2008) 
T. uratu  
A genome 
Soft present present present 
(Lillemo et al. 2000; 
Bhave and Morris 2008) 
T. monococcum  
A genome 
Soft present present present 
(Lillemo et al. 2000; 
Bhave and Morris 2008) 
Aegilops speltoides  
B genome 
Soft present present present 
(Lillemo et al. 2000; 
Bhave and Morris 2008) 
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2.1.3 Starch and associated enzymes 
The largest component of cereal grains is the carbohydrate-rich endosperm. The main 
form of carbohydrate is starch, which is arranged in either large, lenticular A granules 
or smaller, spherical B granules bound by proteins and lipids (Shelton and Lee 2000; 
Ao and Jane 2007). A and B granules have different physical and chemical properties 
such as gelatinisation, pasting temperature, peak viscosity and retrogradation. The 
proportion of B granules in Australian hexaploid wheat cultivars ranges from 
approximately 23-50% (Stoddard 1999).  
The dominant carbohydrate in cereal grains is starch. There are 2 types (Shelton and 
Lee 2000): 
 Amylose, which is predominantly comprised of long chains of α-(1-4) linked 
α-D-glucopyranosyl units; and 
 Amylopectin, a highly branched polymer with both α-(1-4) and α-(1-6) 
linkages. 
The proportion of amylose to amylopectin is controlled by a suite of major and minor 
genes, of which the most thoroughly understood is Granule-bound Starch Synthetase 
(GBSS) (Pham Van et al. 2006). GBSS controls the formation of amylose in starch 
granules. The homeologous Wx genes for GBSS are located on 7A, 4A (an ancient 
translocation from 7B) and 7D in bread wheat. A null allele at any of the three loci 
will result in reduced amylose content; a null at all three loci produces a grain with no 
amylose and gives the endosperm a „waxy‟ appearance (Martin et al. 2004). 
 
 
2.2 Secale cereale 
 
2.2.1 Grain storage protein 
As a close relative of wheat, the genetic control of protein quality and quantity in rye 
(Secale cereale) is largely controlled at homeologous loci, with a few exceptions. The 
amino acid compositions of HMW rye prolamins have a similar composition to 
wheat, although overall they are more hydrophobic and contain less cysteine (Kipp et 
al. 1996). Total grain protein content of rye is generally lower than wheat when 
grown in the same environment (Virdi and Larter 1984; Gellrich et al. 2003; Wieser 
et al. 2005). 
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Rye prolamins are known as secalins. There are four types: 
 ω-secalins (Mr about 50 000), present as monomers associated by non-
covalent interactions (Shewry et al. 1984) and almost homologous to ω-
gliadins (Gellrich et al. 2003) (lack cystiene); 
 40K γ-secalins (Mr = 40 000), also present primarily as monomers associated 
by non-covalent interactions (Shewry et al. 1984) and related to γ-gliadins 
(Gellrich et al. 2003) (contain cystiene); 
 HMW secalins, present as polymers and related to HMW glutenins in wheat 
including expression of an x-type and y-type (De Bustos and Jouve 2003; 
Wieser et al. 2005); and 
 75K γ-secalins (Mr = 75 000), present as polymers stabilised by inter-chain 
disulphide bonds. 75K γ-secalins are unique to rye (Malyshev et al. 1998). 
The genetic expression of these types have been traced to four loci. 
On the 1R chromosome: 
 Short arm has locus Sec-1 (or Gli-R1) for ω-secalins and 40K γ-secalins, 
homoleogous to Gli-1 in wheat (containing ω-gliadins, γ-gliadins and closely 
linked to Glu-3 for LMW glutenins) (Sybenga et al. 1990). Genes coding for 
40K γ-secalins are proximal to the centromere relative to genes for ω-secalins 
(Carrillo et al. 1992). Sometimes authors assign an additional locus Sec-4 (or 
Gli-R3) for ω-secalins. This is apparently located somewhere between Sec-1 
and Sec-3 (Carrillo et al. 1992). 
 The long arm has locus Sec-3 (or Glu-R1) for HMW secalins, homoeologous 
to Glu-1 of wheat (containing x-type and y-type HMW glutenins) (Shewry et 
al. 1984). 
The 2R chromosome has loci: 
 Sec-2 (or Gli-R2) for 75K γ-secalins (Shewry et al. 1984). These are unique to 
rye but may be related to Gli-2 located in group 6 of wheat due to an ancient 
2R-6R translocation in rye (Sybenga et al. 1991; Devos et al. 1993); and 
 Sec-5 for 75K γ-secalins, closely linked to Sec-2 (Malyshev et al. 1998). 
As rye is an allogamous cereal grain, the population genetics of secalins are slightly 
different to the glutenins of wheat. Heterosis for total prolamin/endosperm (and dry 
weight/endosperm), co-dominance and significant preferential segregation have all 
been observed (Shewry et al. 1984; Penner and Scoles 1990b; Ma et al. 2001). 
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Note that although there is a much higher proportion of polymeric protein in rye 
compared to wheat (approximately 50% versus 30% respectively), only 9% of this is 
present as high molecular weight aggregates in rye, compared to 20-26% in wheat 
(Gellrich et al. 2003; Suchy et al. 2003). Similarly, the proportion of oligomers in the 
prolamin fraction of rye is more than double the oligomeric content of the wheat 
standard (Gellrich et al. 2003). The largest component of rye storage protein is the 
polymeric 75k γ-secalin fraction (64% of polymerised protein, or up to 46% of total 
storage proteins - Table 3), which does not have a homologue in wheat. Multiple tests 
have revealed the poor ability of rye to form large polymeric protein aggregates 
(Gellrich et al. 2003; Wieser et al. 2005). 
 
Table 3 Composition of rye prolamin/glutenin within grain endosperm (% total prolamin).  
Prolamin 
Penner and 
Scoles (1990b) 
Gellrich et al 
(2003) 
75K γ-secalins 35-45 46 
ω-secalins 20-30 17 
40K γ-secalins 20-30 24 
HMW secalins 6-12 7 
 
 
 
2.2.2 Friabilins 
In rye, the secaloindolines are orthologous to the puroindolines on the D genome of 
wheat (Simeone and Lafiandra 2005). Secaloindoline-a, Secaloindoline-b (Sina and 
Sinb) and GSP-R1 (90-95% identity with GSP in wheat) have been identified in rye 
(Gautier et al. 2000) (Simeone and Lafiandra 2005). Rye has a very soft endosperm 
texture, although some variability exists (Williams 1986). 
 
 
2.2.3 Starch 
Like most cereals, the synthesis of starch in rye is controlled by at least one major 
gene and several minor or modifier genes (Mohammadkhani et al. 1999). Rye GBSS 
has similar mobility to that of GBSS-7A in wheat (Schofield et al. 2008). However, as 
rye is an allogamous species there is considerable heterogeneity and thus few 
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extremes for amylose content amongst varieties. The extremes are found within self-
compatible rye breeding stock where some of the amylose-producing loci have 
become fixed. Rye F2 seed with less than 1% and up to 52% amylose has been 
obtained from parents expressing 13%-28% amylose, (Mohammadkhani et al. 1999). 
As in wheat, rye also produces starch in A and B shaped granules. The range in 
proportion of B granules is apparently lower in rye compared to wheat, ranging from 
20 to 40% (Stoddard 1999). This may also reflect the allogamous nature of the 
species. 
 
2.2.4 Non-starch polysaccharides 
Non-starch polysaccharides (NSP) are found throughout cereal grains and are 
involved in the structure and function of seeds, particularly in the cell walls. Like 
starch, they are polymers linked by glucodisic bonds, however the monomers are not 
necessarily glucose, and the bonds are predominately β(1-4) rather than α(1-4) 
(Kumar et al. 2012). NSP include arabinoxylan (also known as pentosan), β-glucan, 
fructan, cellulose and lignin (Shelton and Lee 2000; Kumar et al. 2012). 
Rye has approximately double the pentosan content of wheat (approximately 5% 
compared to 2-3%), of which about 40% is soluble (Lorenz 2000; Ross et al. 2003). 
NSPs play an important role in the dough properties of rye compared to wheat due to 
their higher concentration and the lower strength of rye secalins. The majority of the 
water-soluble NSP content in rye is arabinoxylan, which is the arabinose plus xylose 
component of cell wall polysaccharides (Ross et al. 2004). 
 
2.3 Triticosecale 
As a hybrid species, the triticale genome is marked by complex genetic interactions 
and combinations. Some genes are homologous and interact additively, others are 
subject to epistasis. A few genes from the progenitor species are active only in 
triticale e.g. spike fertility and embryo lethality (Tikhenko et al. 2003b, 2005). This 
makes triticale an interesting model species for genetic study, but also a complicated 
species from which to cross and select favourable genotypes. Breeding for quality 
traits is no exception. 
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2.3.1 Grain storage protein 
 
2.3.1.1 Regular allelic diversity 
Throughout its short history, many sources of genetic material have been introduced 
into triticale to improve its agronomic performance. However, little consideration has 
been given to the grain quality accompanying these agronomic loci. This has led to a 
high polymorphism for storage proteins (Amiour et al. 2002a; Bellil et al. 2010). As a 
general rule, the types of prolamin found in durum wheat and rye can also be found in 
triticale.  
Investigations into the allelic diversity of triticale have been conducted in Eastern 
Europe and Russia (Brzezinski and Lukaszewski 1998), Portugal (Igrejas et al. 1999), 
Western Europe (Tohver et al. 2000; Amiour et al. 2002a), Poland (Salmanowicz and 
Dylewicz 2007), the Czech Republic (Vyhnanek and Bednar 2005), Greece (Kozub et 
al. 2007), France (Bellil et al. 2010), North America (Brzezinski and Lukaszewski 
1998) and CIMMYT material in Mexico (Peña et al. 1991). The alleles observed at 
key glutenin loci are given in Table 4. Note some discrepancies have arisen due to the 
fact that the mobilities of secalin and glutenin bands often overlap (see section 
2.3.1.2). Several glutenin subunits unique to triticale have been identified (Amiour et 
al. 2002a; Salmanowicz and Dylewicz 2007). 
Heterogeneity for HMW storage proteins was found in 11% of 135 European cultivars 
at seven prolamin loci surveyed by (Amiour et al. 2002a) and 41.7% of 139 winter 
triticale cultivars by Brzezinski and Lukaszewski (1998). This may be due to the use 
of morphological characters for purity in variety registration, and/or natural triticale 
allogamy. 
Table 4 Alleles reported in triticale at the key endosperm storage protein loci. 
Triticale 
Locus 
Protein type Alleles First published 
observation in triticale 
Allele Naming 
Glu-A1 HMW 
glutenins 
a (Ax1); b (Ax2*); c 
(Axnull) 
(Peña et al. 1991) 
 
(Payne and Lawrence 1983; 
McIntosh et al. 2003) 
Gli-A1 ω-gliadins c (d8d9); e (null) (Igrejas et al. 1999) (Igrejas et al. 1999) 
Glu-B1 HMW 
glutenins
†
 
IV (23 + 18) (Igrejas et al. 1999) (Vallega and Waines 1987; 
Branlard et al. 1989) 
s (6.8 + 20);  (Amiour et al. 2002b) 
 
(Amiour et al. 2002b), referred 
to as aw by (Salmanowicz and 
Dylewicz 2007) 
a (7); b (7 + 8);   c 
(7+9); (8); r (7 + 18); f 
(13 + 16); (17+18) 
(Peña et al. 1991),  with 
identification corrected by 
(Peña et al. 1998) 
(Payne and Lawrence 1983; 
McIntosh et al. 2003);  
r = (Amiour et al. 2002b), 
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e (20); unnamed 
(20+18)
††
; 
(Peña et al. 1998) 
 
similar to av (Salmanowicz and 
Dylewicz 2007) 
d (6 + 8);  
bn (7+19); bo (7+26); 
unnamed (25); 
unnamed (7+25); 
unnamed (7+27) 
(Brzezinski and 
Lukaszewski 1998) 
 
(McIntosh et al. 2008) 
Glu-B1-1ac (6.8) (Peña et al. 1998) (McIntosh et al. 2008) 
Glu-B1-1b (7*); ak 
(7*+8*);  
c (7*+9); 1d (6+8*); av 
(7+18*); aw (7+20*) 
(Salmanowicz and Dylewicz 
2007) 
(McIntosh et al. 2003)  
u  (7*+8);  
unnamed (7*+25);  
unnamed (7*+26) 
(Brzezinski 2006)
†††
 
Gli-B1 ω-gliadins d (d3); nd (d5‟) (Igrejas et al. 1999) (Igrejas et al. 1999) 
Glu-R1 
(Sec-3) 
HMW 
secalins 
A; D; F; C+D; B+C; 
D+E; C; N; C+D+E; 
E; A+C; B; A+C+D; 
A+F; A+D;  null 
(Brzezinski and 
Lukaszewski 1998) 
 
Glu-R1-1c (6);  
 
 
(Peña et al. 1991), with 
identification corrected by 
(Peña et al. 1998) 
(McIntosh et al. 2008) 
a (1
r
+4
r
); b (2
r
+6.5
r
); c 
(6
r
+13
r
); d (2
r
+9
r
); e 
(6.5
r
) 
(Amiour et al. 2002b) 
(Igrejas et al. 1999) 
 
(Amiour et al. 2002b) 
f (0.8
r
+6
r
); g (5.8
r
) (Amiour et al. 2002a) (Amiour et al. 2002a) 
Glu-D1 
(from 
Triticum 
aestivum) 
HMW 
glutenins  
a (2+12); d (5+10) (Peña et al. 1998) (McIntosh et al. 2008) 
Glu-B2 LMW 
glutenins
††††
 
a (12) 
 
(Amiour et al. 2002a) 
 
(Gupta and Shepherd 1990b; 
Jackson et al. 1996) 
b (null) (Igrejas et al. 1999) (McIntosh et al. 2008) 
Gli-R2 (Sec-
2) 
75K γ-
secalins 
a (d1);  c (t1) (Igrejas et al. 1999) (Amiour et al. 2002b) 
b (d2); (Amiour et al. 2002b) (Amiour et al. 2002b) 
d (null) (Ciaffi et al. 1991) (Amiour et al. 2002b) 
e (t2) (Amiour et al. 2002a) (Amiour et al. 2002a) 
P+X; V; V+X; P1+X; 
R1+X; R+X; S+X; 
W+X; P+X1; W; Y; S; 
R; R1 
(Brzezinski and 
Lukaszewski 1998) 
 
Glu-A3 LMW 
subunits
††††
 
 
 
a;  (Igrejas et al. 1999) (Gupta and Shepherd 1990a) 
d (6+11);  e (11); f 
(6+11+20) 
(Amiour et al. 2002a) 
 
(Nieto-Taladriz et al. 1997) 
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†
 In recent research in wheat, 2 separate subunits with similar mobilities have been identified for both subunits 7 and 8. 
Hence what has been designated as Glu-B1b (7+8) by SDS-PAGE may actually be one of 4 alleles: 7+8, 7*+8, 7+8* or 
7*+8*. Similarly, any allele carrying subunit 7 and identified by SDS-PAGE (or sometimes HPLC or DNA markers) 
may actually be one of two separate subunits. Also note Glu-B1c (7+9 in early triticale literature) has been called 7+9 
by Butow et al. (2003) in wheat, 7*+9 by Salmanowicz and Dylewicz (2007) in triticale, or Bx7* by Butow et al. 
(2003) in wheat. Allele encoding 7+20* is referred to as aw (7+20), 7*+9 as c (7+9) and 6+8* as d (6+8) in the 
discussion of Salmanowicz and Dylewicz (2007). Glu-B1b (7+8) has been called 7+8* by Butow et al. (2003). There 
are 3 alleles of the subunit Bx7, namely 7, 7* and 7
OE
 (over expressing) (Ragupathy et al. 2008). Glu-B1-1b can refer to 
either subunit 7 or 7* (McIntosh et al. 2008) 
††
According to Salmanowicz and Dylewicz (2007), alleles encoding for subunits By20 and By18 are not the same as the 
wheat alleles with these symbols.
  
†††
 Data from Brzezinski (2006) has been taken from Salmanowicz and Dylewicz (2007). 
††††
 Some authors have identified LMW models which have been mistaken for alleles (LMW-1, LMW-2, LMW-2*, 
etc). See Nieto-Taladriz et al. (1997) for allele definition of these models.  
††††† 
According to Amiour et al. (2002b), allele Glu-B3a of Nieto-Taladriz et al. (1997) should be compared to Glu-B3d 
of Gupta and Shepherd (1990a). However, these alleles have different numbers of bands. 
 
There are no reports of abnormal expression of these loci in triticale – gene products 
appear to be the same as in wheat/rye. In terms of quantity; the 75k γ-secalins make 
up a large proportion of the total prolamin of rye (Table 3), and therefore differences 
in allelic form and concentration may have a significant influence on secalogluten 
properties in triticale. The rate of accumulation and final concentration of the 75k γ-
secalins differ between genotypes in both triticale and rye (Penner and Scoles 1990b, 
1990a). The 75k γ-secalins are absent from several triticale cultivars of CIMMYT 
origin most likely due to a 2D/2R translocation (Ciaffi et al. 1991; Bellil et al. 2010). 
a (Jackson 
nomenclature, different 
to a above); b 
(Igrejas et al. 1999) a = (Jackson et al. 1996); b = 
(Gupta and Shepherd 1990b) 
d’ (Amiour et al. 2002b) (Amiour et al. 2002b) 
h (null) (Peña et al. 1998) (Gupta and Shepherd 1990a) 
Glu-B3 LMW 
subunits
††††
 
a (2+4+15+19); b’;  (Igrejas et al. 1999) a = (Nieto-Taladriz et al. 
1997)
†††††
;  b‟= (Jackson et al. 
1996) 
c (2+4+15+17+19) (Igrejas et al. 1999) (Igrejas et al. 1999) 
b (8+9+13+16);  (Amiour et al. 2002a) (Nieto-Taladriz et al. 1997) 
d (2+4+15+17+19); h 
(1+3+14+18); i 
(7+8+14+18); j (null) 
(Amiour et al. 2002a) (Gupta and Shepherd 1990b; 
Jackson et al. 1996) 
h’  (Amiour et al. 2002a) (Amiour et al. 2002a) 
 i’; k (Amiour et al. 2002b) (Amiour et al. 2002b) 
21 
 
 
2.3.1.2 D genome translocations 
Many of the key quality genes, such as those for the most effective gluten formation, 
are located on the D-genome of bread wheat. Consequently, partial chromosome 
substitutions or introgressions with chromosome 1D into triticale have been assessed 
by various research groups (Lukaszewski and Curtis 1992; Hohmann et al. 1999; 
Lafferty and Lelley 2001; Woś et al. 2002; Lukaszewski 2003; Budak et al. 2004). 1D 
has a good compensating ability in triticale and, as a whole, there is little or no 
selection pressure against the chromosome (Woś et al. 2002). However whole 
chromosome substitutions still reduce vigour and fertility e.g. Xu and Joppa (2000). 
Hence partial substitutions tend to be more successful. Usually the aim of D genome 
translocations is to introduce the Glu-D1d allele encoding for HMW glutenin subunits 
5+10. This allele is known for producing superior loaf volumes and gluten formation. 
Dr A. Lukaszewski and colleagues at the University of California, Riverside, have 
successfully translocated a segment of the 1D genome of bread wheat containing the 
Glu-D1d allele (subunits 5+10) onto the 1R chromosome of triticale. Two of the most 
effective were single translocation 1R.1D5+10-2, which added Glu-D1d and removed 
Sec-3, and double translocation Valdy, which also added Gli-D1 and Glu-D3 
(Lukaszewski 2006). These lines were made available to triticale breeders around the 
world and are currently being assessed in multiple environments and genetic 
backgrounds (Wos et al. 2006; Martinek et al. 2008; Rabiza-Swider et al. 2010), and 
in this thesis. 
In general, the Valdy and related recombinant chromosomes have been associated 
with a yield decrease. This has been predominantly attributed to a reduction of head 
length when grown in the field (Woś et al. 2002; Martinek et al. 2008). According to 
Rabiza-Swider et al. (2010) there are no reports of head length problems when Valdy 
is in a spring triticale background, or in the greenhouse when grown at low density 
under artificial long days (Lukaszewski 2006). A further yield decrease may be 
associated with loss of a locus for high root biomass in the segment of 1RS that was 
removed to accommodate the section of 1DS (Rabiza-Swider et al. 2010).  
Studies have confirmed that lines carrying this chromosomal translocation produce 
gluten of similar quality to wheat (Wos et al. 2006) or at least gluten that is a 
significant improvement over current triticale varieties (both statistically and in terms 
of market requirements) (Lukaszewski 2006; Martinek et al. 2008). In addition to the 
expected improvement in loaf volume, a reduction in dough stickiness has been 
reported (Martinek et al. 2008). The benefit of the 1R.1D5+10 chromosome will depend 
on the combination of alleles present at other loci and thus crosses should utilise 
genotypes which carry favourable alleles for gluten formation within existing triticale 
populations (Lukaszewski and Curtis 1992; Martinek et al. 2008). However the 
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multiple breakpoint chromosomes will disassemble when hybridised with normal 
chromosomes in a crossing program and thus the presence of the desired 
chromosomal translocation must be directly screened for at each stage in the selection 
process (Lukaszewski 2006). Note that the band 5 on SDS-PAGE co-migrates with 
certain rye HMW secalins and thus can be difficult to identify (Altpeter et al. 2004). 
There does not appear to be differences in transmission or recombination rates of the 
chromosome between genetic backgrounds, however the transmission rate between 
generations of backcrossing was significantly less than random via pollen (tested both 
sexually and via microspore culture; note transmission rate via ovules was not 
significantly different to normal) (Rabiza-Swider et al. 2010). The authors suggested 
that the proximal part of 1DL does not fully compensate for the equivalent segment of 
1RL. 
The Glu-D1d allele has also been translocated onto chromosome 1R in rye (Altpeter 
et al. 2004; Wieser et al. 2005). The combined expression of 5+10 resulted in a 304% 
increase in the glutelin fraction of protein, due primarily to the presence of the storage 
protein but also due to an increase in the presence of polymerized (ethanol-insoluble) 
secalins. In addition, the amount of 40k γ-secalins in the polymerized fraction 
increased by 322%. The ratio of prolamins to glutelins in transgenic rye was as low as 
0.5, compared to the wildtype rye of 3.5 and wheat of 2.2 (Wieser and Kieffer 2001). 
Similarly, the proportion of SDS-insoluble protein (glutenin macropolymer) of total 
protein increased from 6% in wildtype rye to 63% in transgenic rye, and was 
approximately double that found in wheat. This was at the expense of proteins in the 
ethanol-soluble prolamin fraction, including oligomers. 
This suggests ethanol-soluble storage proteins were converted to insoluble glutelin 
aggregates by the expression of 1Dx5 and 1Dy10, including the normally monomeric 
40k γ-secalins. These aggregates were most likely formed by additional 
intermolecular disulfide bonds (Altpeter et al. 2004). 
 
 
2.3.2 Friabilins 
Friabilins of triticale are expressed on both the durum wheat and rye genomes, 
however due to the deletion of the Pin loci on the A and B genomes, the greatest 
single influence on the texture of triticale is the Sin locus. Triticale generally exhibits 
moderately soft grain texture (Morris 2002), although the full spectrum of hardness 
has been observed (Williams 1986; Li et al. 2006). In a survey of 171 CIMMYT lines, 
70.8% were classified as soft, 19.3% classified as mixed and 9.9% classified as hard 
(Li et al. 2006).  
23 
 
Latest research shows that both the type and quantity of secaloindolines in triticale 
influences the hardness (Salmanowicz 2010). No association between the friabilin 
content and hardness was found by Ramírez et al.  (2003), however later work by Li 
et al. (2006) illustrated that it is not the general friabilin content but the surface-
associated content which is correlated to grain hardness in triticale (as in wheat). 
 
2.3.3 Starch and non-starch polysaccharides 
The genetic control of starch synthesis in triticale is a combination of expression of 
starch synthesis genes from both its progenitor species. The proportion of B-shaped 
granules in triticale lines were found to range from 15-33% (Stoddard 1999). This is 
both a lower average and smaller range compared to the wheat and rye lines 
investigated in the same study. Note that growing conditions were not uniform for 
these lines, and the environment, particularly temperature, is known to have 
considerable effect on the particle size distribution (Stoddard 1999).  
Isoforms of GBSS from both the wheat and rye genomes have been observed in 
triticale using SDS-PAGE, ELISA and monoclonal antibodies (Sharma et al. 2002; 
Schofield et al. 2008; Dennett et al. 2009). The range in amylose content of triticale is 
more than double the range observed in wheat (Dennett et al. 2009). As in wheat, 
GBSS-4A has a greater influence on amylose content than GBSS-7A in triticale 
(Schofield et al. 2008). Both the presence and absence of GBSS-4A has been 
observed in triticale (Dennett et al. 2009). Finding the null allele for GBSS in triticale 
was unexpected as it has been largely bred out of durum due to its negative influence 
on pasta quality (Soh et al. 2006). Possible explanations include instability of the 
triticale genome or suppression of durum-derived GBSS within triticale by the rye 
genome (Schofield et al. 2008). The electrophoretic mobility of rye GBSS is 
indistinguishable from GBSS-7A of wheat (Dennett et al. 2009). 
The amount and composition of non-starch polysaccharide in triticale is usually 
intermediate between wheat and rye (Boros et al. 1993; Oliete et al. 2010), although it 
tends to be more comparable to wheat (Salmon et al. 2002; Rakha et al. 2011). Rye 
has approximately double the content of pentosans than wheat (Lorenz 2000). The gel 
forming ability of water-soluble arabinoxylan in triticale is lower than rye (Kumar et 
al. 2012). Triticale has intermediate arabinoxylan content between wheat and rye, 
similar or lower β-glucan content than wheat, and higher fructan content than both 
species (Rakha et al. 2011). 
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2.3.4 α-amylase 
The breakdown of starch in cereal grain is primarily the result of amylases 
(Simmonds 1989): 
 -amylase cleaves the α(1-4)glycosidic linkages in starch i.e. can break the 
starch molecules at any point along their length; 
 β-amylase also cleaves α(1-4)glycosidic linkages however from the non-
reducing end of the chain only. 
Although β-amylase is found in very high quantities in cereal grains, the greatest 
influence on starch breakdown is from -amylase because it cleaves bonds at any 
point along the starch molecule and hence rapidly changes the starch properties and 
content of storage reserves. -Amylase can be rapidly synthesised in the aleurone 
layer of cereal kernels and is found at up to 50 times the concentration of β-amylase 
during germination (Simmonds 1989). The genes controlling -amylase production in 
wheat are on the group 6 homologous chromosomes (McIntosh et al. 2008). Removal 
of chromosome 6R in triticale resulted in the greatest increase in falling number (an 
indirect measurement of -amylase activity – see section 4.3) in a study by Woś et al. 
(2002), confirming the role of homologous group 6 chromosomes on -amylase 
activity. There are virtually no studies published on β-amylase in triticale to date, 
apart from noting they are present and likely encoded by the 4A and 5R chromosomes 
(Bernard et al. 1990).  
α-Amylase activity in triticale usually exceeds that of both progenitor species in the 
absence of pre-harvest sprouting. Activity of up to 10 times that of wheat in non-
raindamaged samples has been observed (McEwan and Haslemore 1983; Macri et al. 
1986a; Mares and Oettler 1991). This has been attributed to late-maturity α-amylase 
(LMA) activity (Macri et al. 1986b; Trethowan et al. 1993; Boros 2006). The 
expression of LMA has been bred out of wheat over the last few decades through 
targeted crossing and selection (Mares and Oettler 1991). Although most modern 
triticale cultivars still have poor falling numbers/high α-amylase activities compared 
to wheat, great genetic variation exists and in some cases genotypes comparable to 
wheat and rye have been identified  (Lorenz and Welsh 1976; McEwan and 
Haslemore 1983; Weiport et al. 1986; Peña and Ballance 1987; Oettler 2002; Serna-
Saldivar et al. 2004; Tohver et al. 2005; Makarska et al. 2008). 
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3 Components of product quality in triticale food 
products 
 
Like the species itself, a loaf of triticale bread generally looks like a cross between 
wheat bread and rye bread. Other recent studies have investigated its suitability in flat 
breads, pastry, crackers, biscuits/cookies, pasta, cereal, cakes, noodles and specialty 
beers, all of which have variable quality requirements (Peña 2004). The major 
components of triticale quality are reviewed below. 
 
3.1 Starch and α-amylase activity 
 
The amylose to amylopectin ratio has a well-defined influence on quality. Low or 
zero amylose flour is described as „waxy‟ due to the wax-like appearance of a grain 
section. Waxy flours form soft, runny gels as the complex branched structure of 
amylopectin is less able to form inter-molecule helices stabilised by double bonds 
(Blazek and Copeland 2008). Waxy wheat flour in waxy-normal flour mixes appears 
to suppress the formation of an insoluble starch network during cooling (Morita et al. 
2002). 
Consequently, lower amylose content corresponds to greater water absorption 
capacity (and thus greater swelling power), higher peak viscosity of paste, lower peak 
viscosity temperature, lower final viscosity and greater resistance to retrogradation 
(Lee et al. 2001; Morita et al. 2002; Pham Van et al. 2006; Blazek and Copeland 
2008). This has a variety of implications for product quality including better noodle 
texture (Oda et al., 1980; Toyokawa et al., 1989), greater loaf volume, more porous 
crumb structure, improved crumb softness and reduced bread staling (Lee et al., 2001; 
Morita et al., 2002). A comprehensive investigation into the influence of amylose 
content on starch properties, including pasting, water absorption and thermal 
characteristics is given by Pham Van et al. (2006). 
The proportion of A and B type granules in starch has an influence on the 
manufacturing and final product quality. Smaller B granules have a higher surface to 
volume ratio and thus greater water absorption, which improves dough properties up 
to a point, after which it leads to smaller loaf volume (Stoddard 1999; Soh et al. 
2006). Triticale has both a lower average and smaller range in the proportion of B 
granules compared to both wheat and rye (Stoddard 1999). 
The milling process will cause some starch granules to fracture. The degree of broken 
starch is directly proportional to grain texture, with harder wheats exhibiting more 
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damaged starch. Damaged starch has a high hydration capacity, and there is a strong 
negative correlation between loaf volume and damaged starch content (Barrera et al. 
2007). As most triticales are soft textured, the level of damaged starch is usually 
lower than hard wheat (Leon et al. 2007; Oliete et al. 2010). 
High activity of α-amylase can potentially override all other components of product 
quality through the degradation of starch both within the grain and within flour during 
processing (Weiport et al. 1986). Not only are the starch chains reduced in size, but 
the sugars and gums produced during starch hydrolysis also alter the flour properties 
(Peña 2004). Early triticale research suggested grain shrivelling was due to high α-
amylase activity (Lorenz and Welsh 1976), although low levels of maltose (the final 
breakdown product of α-amylase activity) in mature grain cast doubts on this 
conclusion (Becker et al. 1977). Amongst modern cultivars, high α-amylase is still 
considered the primary reason for the unsuitability of triticale in unblended baked 
flour products (Trethowan et al. 1993; Serna-Saldivar et al. 2004; Coşkuner and 
Karababa 2005; Tohver et al. 2005), yet genetic variability exists: some lines have 
been identified with comparable activity to bread-quality wheat (Peña and Ballance 
1987; Tohver et al. 2005; Makarska et al. 2008).  
The influence of α-amylase on the end product depends on the moisture content and 
heat during processing and the damaged starch content. Low damaged starch may 
actually benefit from some α-amylase activity (Williams 1967). The lactic acid used 
in production of rye bread suppresses the enzyme and therefore triticale flour with 
high levels of α-amylase may be more appropriate for this type of product (Weiport et 
al. 1986). 
 
3.2 Non-starch polysaccharides and dietary fibre 
 
The non-starch polysaccharides (also known as non-starch carbohydrates) play a 
significant role in water absorption, baking quality and grain texture, particularly 
amongst soft wheats (Bettge and Morris 2000) and rye (Peña 2004). Although the 
content of non-starch polysaccharides in triticale is generally intermediate between 
wheat and rye, the total amount is not as important as the structure, which confers 
properties such as viscous properties of the fibre, water binding capacity, formation of 
intermolecular aggregates and oxidative gelatinisation (Boros et al. 1993; Rakha et al. 
2011). The greatest influence is from the pentosan fraction (also known as 
arabinoxylans or arabinogalactans) which forms a gel under oxidative conditions and 
influences many dough characters including loaf volume, crumb characters and bread 
staling (Lorenz 2000; Goesaert et al. 2005). A thorough investigation into the 
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components of non-starch polysaccharides in triticale was conducted by Rakha et al. 
(2011). 
Pentosans play a prominent role in soft wheat and rye products due to the low levels 
of damaged starch and lower protein quality of their flours. Pentosan content in rye is 
the main determinant of dough yield, stability and volume and indirectly influences 
crumb texture and loaf volume (Lersrutaiyotin and Shigenaga 1991). Amongst soft 
wheats, pentosan content and flour protein content has been reported to account for 
87% of the variation in cookie diameter (Bettge and Morris 2000). 
The soluble non-starch polysaccharide content of grain is termed dietary fibre, of 
which soluble arabinoxylans are the primary component  (Goesaert et al. 2005; 
McGoverin et al. 2011). Modern nutritional research has placed a high emphasis on 
the role of non-starch polysaccharides in digestibility and human health. High 
viscosity and the ability to be fermented into short chain fatty acids has implicated 
non-starch polysaccharides in the prevention of coronary heart disease, cancer, high 
cholesterol and bowel disease, and promotion of healthy laxation and blood glucose 
levels (Kumar et al. 2012). The content of dietary fibre is comparable between 
triticale flour, medium/light rye flour and whole wheat flour, and higher in triticale 
flour than regular wheat flour (Cardozo and Eitenmiller 1988; Rakha et al. 2011). 
Circumstantial evidence suggests triticale has slower digestibility than wheat 
(Gedamu-Gobena 2008).  
 
3.3 Grain storage proteins 
 
Storage proteins are one of the greatest contributors to appropriate volume and texture 
of baked flour products. Dough quality is a factor of total protein content, the ratio 
between glutenins (for viscoelasticity) and gliadins (for extensibility), and presence or 
absence of various protein subunits (Suchy et al. 2003; Meenakshi and Khatkar 2005). 
High elasticity, high strength and reasonable extensibility are required for loaf breads 
produced in mechanised baking factories (Ahmad 2000; Peña 2004). Weak and 
slightly extensible gluten is preferred for production of cakes, cookies and pastries, 
and medium strength gluten for noodles and most flat breads (Peña 2002). 
Early research concluded that triticale would not be able to bake satisfactory loaf 
bread as both the durum and rye parents have inferior baking quality (Chen and 
Bushuk 1970a). Specifically, rye has extremely poor extensibility (Bread Research 
Institute 1986). Extensibility tests have confirmed that triticale also has weaker gluten 
than wheat. However the relationship is not linear when assessing triticale-wheat 
blends, and several authors have found certain triticale cultivars improve dough 
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strength/mixing parameters when blended with wheat between 20% and 50% (Naeem 
et al. 2002; Serna-Saldivar et al. 2004; Coşkuner and Karababa 2005). Factors 
contributing to the secalogluten properties of triticale are reviewed below. 
 
3.3.1 Total protein 
The protein content of early triticale cultivars was usually reported as intermediate 
between durum and rye, or higher than wheat (Chen and Bushuk 1970b; Lorenz et al. 
1975). This may be due to the negative correlation between protein content and yield 
or the high occurrence of shrivelled grain in early triticales (McNeal et al. 1972; 
Stringfellow et al. 1976; Costa and Kronstad 1994).  
It appears that modern spring triticale cultivars have a slightly greater ability to 
assimilate nitrogen into the grain than wheat, particularly under poor environmental 
conditions, and hence good whole grain protein content compared to wheat (Tsvetkov 
et al. 2004; Erekul and Kõhn 2006). Other authors have reported slightly higher 
protein content in wheat than triticale (Bread Research Institute 1981; Serna-Saldivar 
et al. 2004; Boros 2006); although in some cases this can be attributed to different 
growing conditions. On a global scale, average protein content of triticale is lower 
than wheat because it is predominantly used as animal feed and thus is rarely grown 
in highly fertile conditions. As in wheat, yield is negatively correlated with protein 
content (Bona et al. 2002). 
There are several components of total grain protein, however it has been well 
established in bread wheat that it is the content of the polymeric fraction – 
specifically, the insoluble polymeric fraction – which has the greatest influence on 
dough strength (Gupta et al. 1993; Naeem et al. 2002). This is the result of 
entanglements and cross-linking between polymeric protein strands (Sroan et al. 
2009). The importance of the quantity of polymeric protein on dough strength has also 
been established in triticale, where high grain protein in triticale appears to be 
associated with hard endosperm but not necessarily large loaf volume (Amaya et al. 
1986). Peña and Ballance (1987), Peña et al. (Peña et al. 1991), Macri et al. (Macri et 
al. 1986b) and Serna-Saldivar et al. (Serna-Saldivar et al. 2004) all reported that 
triticale has a lower proportion of polymeric gluten within the total flour protein than 
wheat. A similar conclusion was reached by Naeem et al. (2002) who noted the 
smaller proportion of HMW proteins in triticale corresponded to poorer performance 
in mixograph tests. Note also that gluten as a proportion of flour protein was 
significantly higher in 3 hard triticales compared to 5 semi-hard or soft varieties tested 
at CIMMYT (Amaya et al. 1986). Flour water absorption is lower in triticale due to 
lower gluten content (Serna-Saldivar et al. 2004; Coşkuner and Karababa 2005). 
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The focus of wheat protein breeding is usually towards improvement of the glutenin 
subunit composition, and the published research in triticale suggests triticale breeders 
are following this strategy. However Peña and Ballance (1987) observed that when 
the proportion of triticale gluten was increased to the level of the wheat check in a 
reconstitution study, the baking quality was satisfactory. Hence improving the 
proportion of polymeric protein in triticale flour should also be considered a breeding 
priority alongside improving the glutenin allele composition. The presence of certain 
HMW glutenin alleles has also been found to increase total protein content in triticale 
(Ciaffi et al. 1991; Tohver et al. 2005). Note however some authors still hypothesise 
the type of protein/protein quality exerts greater influence on loaf volume than whole 
grain protein quantity in triticale (Peña et al. 1991; Peña et al. 1998) – see section 
3.3.2.  
The total protein content is also of interest from a nutritional point of view. Several 
studies have indicated triticale is higher in lysine, the first limiting amino acid in 
wheat (Lorenz et al. 1975; Mossé et al. 1988; Heger and Eggum 1991). Early research 
found the amino acid composition of triticale to be intermediate between its parental 
species (Chen and Bushuk 1970a). According to Heger and Eggum (1991), triticale 
produces a greater amount of usable (digestible) protein per hectare of crop due to its 
high yields and higher lysine content than wheat. However relative to formulating a 
balanced diet, the nutritional difference between wheat and triticale flour is minimal. 
Marginally higher or „better‟ protein in triticale may provide a marketing benefit to 
consumers. 
Total protein and protein composition are altered by post-harvest processing. The 
protein content of wheat flour is usually around 1% lower than the protein content of 
the grain (Posner 2000). Proteins are hydrolysed during sourdough formation 
(Tuukkanen et al. 2005), proteolysed during fermentation (Horszwald et al. 2009) and 
crosslink to form large unextractable polymers connected by disulfide bonds during 
kneading and baking (Singh 2005; Horszwald et al. 2009). Hence the processing 
methods must be considered when investigating the suitability of triticale for certain 
end uses. 
 
3.3.2 Secaloglutenin composition 
The composition of the gluten in wheat (and secalogluten in triticale) is genetically 
determined and highly heritable (Siriamornpun et al. 2004). The types of storage 
protein (and variations within each type due to allelic variability) have competing, 
synergistic and/or epistatic influences on dough properties e.g. (Autran and Galterio 
1989; Ciaffi et al. 1991). Gliadins contribute to the extensibility and viscosity of 
dough through their intramolecular disulfide bonds (Uthayakumaran et al. 2001). 
Glutenin polymers, which are long, high molecular weight polymers containing both 
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intramolecular and intermolecular disulphide bonds, primarily determine strength and 
elasticity (Goesaert et al. 2005). A comprehensive review of the role of various types 
of storage protein in wheat was conducted by Meenakshi and Khatkar (2005). The 
association between various glutenin alleles and pasta quality in durum wheat was 
investigated by Autran and Galterio (1989). 
Although the limited research on the gluten properties of triticale has found the 
principles of wheat gluten formation generally apply, the confounding influence of 
secalins has not been conclusively ascertained. Rye secalins were originally thought 
to have a negative influence on dough strength and elasticity. This assumption is 
primarily based on chromosome substitutions or introgressions wheat. A 1RS 
translocation from rye into bread wheat (usually 1BL.1RS) has undesirable effects on 
flour yield, dough stickiness and sedimentation volume (Berzonsky and Francki 1999; 
Graybosch 2001). However whenever Sec-1 is introgressed into wheat by this type of 
chromosome substitution (introducing ω-secalins and 40K -secalins), either Gli-1 
and Glu-3 (short arm translocation) or Glu-1 (long arm translocation) are 
simultaneously removed from the wheat 1B chromosome (Lukaszewski 2006). 
Therefore it is difficult to decipher whether it is the presence of secalins or absence of 
wheat glutenins which reduces bread-making quality (Woś et al. 2002). 
The term „secalins‟ refers to a large number of types of proteins, ranging from 
monomeric types to HMW, polymeric types, and hence different secalins have 
different influences on dough properties. HMW secalins of rye are more hydrophobic 
and contain less cysteine than wheat prolamins (Kipp et al. 1996). In wheat, the 
reoxidisation of gluten causes an increase in resistance and decrease in extensibility; 
the opposite effect occurs in rye (Kipp et al. 1996). Sec-2 (encoding for 75K -
secalins) had no detectable effect on quality in a wheat background in studies by 
Gupta et al. (1989) and had a neutral (Brzezinski and Lukaszewski 1998) or positive 
effect (Ciaffi et al. 1991) in a triticale background. The 75K -secalins facilitate 
retention of gas in the dough (Malyshev et al. 1998) and their -turns confer elasticity 
(Gupta et al. 1989). Differences and interactions between the prolamins of wheat and 
rye are clearly visualised in Figure 1. 
 
 
 
 
 
 
A B C 
Figure 1 Scanning electron microscope images of the gluten of (A) rye; (B) triticale; (C) durum wheat. Taken from Orth 
et al. (1974) 
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Variation in secaloglutenin subunits has been observed between triticale varieties and 
elite breeding lines by multiple authors (section 2.3.1.1) however few have attempted 
to link individual subunits from either the rye or wheat genome to variation in dough 
strength. According to Brzezinski and Lukaszewski (1998) and Tohver et al. (2000), 
HMW subunit 2* encoded by Glu-A1 has an additive effect on dough resistance and 
extensibility. Tohver et al. (2005) also found subunits 7+19 and 7+26 at the Glu-B1 
locus made positive contributions to gluten and protein content, water absorption and 
loaf volume. Alleles Glu-A1c (null) and Glu-B1a (subunit 7) were associated with 
smaller loaf volumes, and Glu-A1a (subunit 1) and Glu-B1r (7+18) were associated 
with larger loaf volumes in CIMMYT germplasm (Peña et al. 1998). However 
according to Woś et al. (2002), the Glu-A1 locus has a relatively small effect – 
smaller than the effect of Sec-3 – in triticale. In a screening of 139 winter triticales 
Brzezinski and Lukaszewski (1998), found the allelic composition at the Glu-1 
(HMW glutenins) or Sec-2 or Sec-3 loci had no observable effect on SDS-
sedimentation, even in triticales possessing the combination of GluB1b (subunits 7+8) 
and GluA1b (2*), both considered good in bread wheat. Peña et al. (1998) found no 
difference between LMW1 and LMW2 types in a study on CIMMYT spring triticale 
lines. 
A scoring system for the positive contribution of various HMW and LMW alleles in 
wheat has been developed (Branlard and Dardevet 1985; Payne et al. 1987; Pogna et 
al. 1988; Sissons et al. 2005; Zhang et al. 2009). The subunits credited with the 
greatest positive influence on gluten strength are subunits 5+10 on Glu-D1 and 17+18 
or 20 on Glu-B1. This has been attributed to the number and/or position of the 
cysteine residues (Meenakshi and Khatkar 2005) and is the reasoning behind 
translocating the GluD1d gene from wheat into triticale (section 2.3.1.2).  
The addition of Glu-D1 into triticales with already good bread-making quality does 
not always produce a discernible effect. Heterogeneity for HMW prolamins produced 
unexpectedly flat loaves in two 1D translocation triticale lines (one with the single 
1R.1D5+10-2 translocation, the other with the double Valdy translocation) (Martinek et 
al. 2008). Peña et al. (1998) found the presence of Glu-D1 (either the 5+10 or 2+12 
alleles) was not discernible in the background of CIMMYT wheats used in their 
study. Lafferty and Lelley (2001) found allelic differences at the Glu-D1 loci (coding 
for subunits 2+12 or subunits 5+10) in substituted triticale were not as obvious as in 
wheat. 
Thus while the protein allele structure has a definite influence on bread-making 
quality in triticale, the significance of some of the commonly assumed „high quality‟ 
alleles from bread wheat is debatable. Favourable HMW and LMW alleles in wheat 
do not always exert a noticeable influence on bread-making quality when present in 
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triticale. Several studies have concluded that it is the accumulation of favourable 
alleles at multiple loci, not necessarily the presence of one or two key alleles, which 
will create the best bread-making triticale (Peña et al. 1998). QTL on chromosomes 
2A and 3A with significant influences on dough rheology have been identified apart 
from the major glutenin alleles in wheat (Kuchel et al. 2006). 
There has been very little research into the monomeric prolamins (α-,  β-, ω- and γ-
gliadins, ω-secalins, 40K γ-secalins) or the proportion of polymeric to monomeric 
prolamins in triticale. Gliadins are highly extensible oligomeric and monomeric 
proteins (Payne 1987). Their influence in dough is difficult to ascertain due to a tight 
genetic linkage between gliadins and LMW glutenins on the 1RS chromosome 
(Nieto-Taladriz et al. 1997). The solubility of the different protein fractions of triticale 
is roughly intermediate between its parental species in water, alcohol, ascetic acid and 
salt solution (Chen and Bushuk 1970a). The importance of the glutenin to gliadin ratio 
has been confirmed in triticale (Jonnala et al. 2010). 
 
3.4 Grain texture 
 
Hardness is the single most important trait used to differentiate between grain classes 
in the marketplace ( 
 
Table 5) (Morris 2002). It has a direct influence on water absorption, damaged starch 
content, diastatic activity, gassing ability, milling performance and fermentation 
capacity (Williams 1967; Leon et al. 2007). Soft wheats are easier to mill and produce 
flours of reduced particle-size distribution of irregular shapes. Hard wheat flours have 
high higher proportion of damaged starch and angular granules which „flow and bolt‟ 
more easily (Dendy and Bogdan 2001; Morris 2002).  
Grain softness is primarily conferred by the starch granule associated proteins 
encoded at the Pin or Sin alleles (see sections 2.1.2, 2.2.2). The effect is not caused 
simply by the presence of friabilins but rather friabilins associated with starch 
granules during aqueous isolation (Bhave and Morris 2008). This association has been 
confirmed in triticale (Li et al. 2006). Ramírez et al. (2003) did not observe any 
correlation between friabilin content and physical hardness in triticale, however Li et 
al. (2006) suggested this was because the authors measured total, not surface-
associated, friabilin. 
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Table 5 Range and classification of wheat hardness (Williams 1986) 
Particle size index Classification 
5-10 Very hard 
10-15 Hard 
15-20 Medium hard 
20-25 Medium soft 
25-30 Soft 
30-40 Very soft 
40-45 Extra soft 
 
Durum (AABB) is considered a hard to very hard grain, whereas both rye (RR) and 
Aegilops squarrosa (DD genome) are considered very soft. The full spectrum of 
variation for hardness can be observed in both hexaploid wheat (AABBDD genome) 
and hexaploid triticale (AABBRR) (Li et al. 2006) with a similar coefficient of 
variation (approximately 25%) (Williams 1986). The majority of triticale lines exhibit 
grain hardness in between soft (biscuit) and hard (bread) wheat (Li et al. 2006). As 
the AABB genome does not express puroindolines; the primary determinant of grain 
hardness is most likely the secaloindolines located on the rye genome (Morris 2002). 
 
3.5 Mineral content 
 
Mineral or ash content is the total inorganic residue of flour or grain, with around 
97% found in the bran (American Association of Cereal Chemists (AACC) 1996). 
High ash content in flour is associated with poor milling yield or bran contamination 
of flour, which leads to poor baking properties and darker colour (Rasper and Walker 
2000). The Australian standard for ash in whole grain wheat is 1.40% to 1.50% (11% 
mb) (GrainCorp 2010). Most Australian wheat has a flour ash content of 
approximately 0.50% (14% mb) (GrainCorp 2010), noodle quality flour must have a 
flour ash below 0.40% (Wheat Classification Council 2012). 
Lower milling yields and high ash content have been repeatedly quoted as reasons 
triticale has not been adopted in commercial baking (Peña 2004; Coşkuner and 
Karababa 2005). Ash content in triticale grain is generally higher than in wheat (Peña 
and Amaya 1992; Leon et al. 1996; Klopfenstein 2000; Cyran et al. 2002; Serna-
Saldivar et al. 2004; Boros 2006; Naik et al. 2010) although the study of Roux et al. 
(2006) was an exception. This may be due to a thicker outer layer, deep crease with 
shrivelled endosperm, or binding of minerals by non-starch polysaccharides 
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(Rakowska and Haber 1991; Cyran et al. 2002; Peña 2004). Ash content in flour 
depends on milling conditions and thus some studies report content within acceptable 
limits (Peña and Amaya 1992), others exceeded the standard e.g. Naik et al. (2010). 
Crude ash content is influenced by agronomic conditions, such as level of nitrogen 
applied (Gulmezoglu and Kinaci 2005), and is positively correlated to grain protein 
content (Feil and Fossati 1995). Grain ash content was significantly lower in triticale 
which had been cut for hay compared to grain from an uncut crop (Haque et al. 2006). 
Note however their average readings for ash and protein content were quite high (up 
to 7% and 18% of grain dry matter respectively). 
 
3.6 Lipids 
 
Lipids are the fat portion of the grain, comprising between 2 and 5% of the small 
grain cereals (Chung and Ohm 2000). They include non-polar, glycolipids and 
phospholipids, and are predominantly found in the germ (Chung and Ohm 2000). 
Lipids form complexes with the helical structure of amylose; hence grain amylose 
content is often correlated to lipid content (Morrison 1988; Tester and Morrison 1990; 
Goesaert et al. 2005). Therefore despite making up a small proportion of grain weight, 
lipids can significantly influence dough properties. At lower concentrations, lipids 
restrict swelling of starch granules, reduce protein extractability and decrease loaf 
volume; at higher concentrations they can increase loaf volume through stabilisation 
of gas cells (Goesaert et al. 2005). 
Triticale has a reportedly higher lipid content than wheat and rye (Chung and Ohm 
2000; Salmon et al. 2002), although lower lipid content in starch was observed by Ao 
and Jane (2007). A thorough explanation of the lipid composition of triticale and its 
influence on loaf volume can be found in Zeringue et al. (1981). 
 
3.7 Flour colour 
 
White flour colour is highly desirable and a pre-requisite in most major flour markets. 
In wheat, flour colour and flour brightness are significantly correlated with flour 
protein (Kuchel et al. 2006), bran contamination and the actual colour of the ground 
endosperm (Mares and Campbell 2001). The most critical colour characteristics with 
regard to end product quality are the brightness (quantified as a L* value with 
0=black and 100=white) and creaminess/yellowness (quantified by a b* value where 
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+60=yellow, –60=blue) (Wheat Marketing Centre 2008). A major QTL for colour has 
been located on chromosome 7B in wheat which explains up to 61% of the variation 
in brightness depending on the environment and method of measurement (Kuchel et 
al. 2006). 
Triticale flour is generally greyish in colour, although variability has been observed, 
and is considered one of the historic hindrances to the adoption of triticale flour in 
baking (Darvey et al. 2000; Mergoum and Gómez-Macpherson 2004). The progenitor 
species of triticale, durum and rye, exhibit yellow and brown flour colour respectively 
(Tsvetkov et al. 2004). 
 
3.8  Minor constituents 
 
As cereal grains are a major part of the human diet worldwide, the micronutrient, 
vitamin and antioxidant content of the grains can form a significant percentage of 
intake in the diet. Although not directly related to taste, texture or appearance of 
loaves, content of these minor constituents is a marketing and nutritional issue for 
consumers.  
The amount of B group vitamins of triticale is comparable to that of wheat (except for 
a notably lower niacin content) but better than that of rye (Michela and Lorenz 1976). 
The amount of the vitamin alpha-tocopherol was higher in spring triticale than both 
the parents and well within the range for hard red wheats (Lorenz and Limjaroenrat 
1974). Vitamin E content was higher in triticale than wheat averaged over two 
seasons (Bona et al. 2006). Triticale has been found to have greater ability than wheat 
to extract Selenium from soil, an important antioxidant which is deficient in the vast 
majority of human diets (Bona et al. 2006). 
 
3.9 Grain milling properties 
 
When considering the quality of triticale, the demands of the processors are just as 
important as the end consumer. Millers produce several commercial products from 
grain, including wholemeal flour, white flour and bran. The highest value product is 
white flour and thus millers prefer varieties which maximise flour extraction rates. 
Milling yield depends on grain hardness, tempering moisture and time, grain 
morphology, mill speed, roller type and environmental conditions in the mill (Darvey 
et al. 2000; Posner 2000; Souza et al. 2011). 
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Milling yields of triticale are generally lower than that of wheat (Amaya et al. 1986; 
Darvey et al. 2000), although variation exists between cultivars (Serna-Saldivar et al. 
2004). The long, deeply creased grains of triticale (which may also be shrivelled) are 
less favourable for milling than wheat (Amaya et al. 1986; Darvey et al. 2000; Peña 
2004). The current Australian standard for test weight amongst milling grade wheat is 
76kg/hL (Honey 2010); the current standard for test weight in triticale is 65 kg/hL 
(Grain Trade Australia 2011). Furthermore, because grain hardness varies between 
triticale cultivars, milling procedures need to be developed which are specific to the 
variety (Saxena et al. 1992). This lack of marketing classification for triticale grain 
intended for milling is a notable hindrance to its adoption in industry (see section 
3.12). 
Milling yield in triticale can be increased by reducing the tempering moisture or 
milling a blend of triticale and wheat (Peña and Amaya 1992; Darvey et al. 2000; 
Peña 2004). The milling yield of hard triticale is significantly lower than soft triticale 
(similar to durum wheat versus soft wheat), however the inverse is true for ash 
content (Saxena et al. 1992). The use of rye milling settings and procedures may be 
more appropriate to triticale than wheat settings, such as the use of corrugated rollers 
(Lorenz 2000). 
 
3.10  Processing conditions 
 
As triticale flour is subtly different to both wheat and rye flour it may require slightly 
different baking conditions to produce an optimum product. Using a lower mixing 
speed and reduced fermentation time can produce loaves of acceptable quality 
(Cooper 1985; Peña 2004). Gedamu-Gobena (2008) reports that triticale requires a 
longer fermentation and dough proofing time than other cereals such as tef and wheat, 
particularly when processed in colder conditions. In flour with high α-amylase 
activity the use of acidic conditions (such as those required to produce rye bread) can 
suppress enzyme activity and increase dough viscosity (Peña 2004). Ceglinska et al. 
(2003) reported that triticale bread baked with rye methodology had a superior crumb 
structure (although not necessarily high bread volume) compared to that baked using 
standard wheat methodology.  
One of the greatest hindrances to the processing of triticale dough is its reputation for 
stickiness (McGoverin et al. 2011). Sticky dough is of major concern to processors, 
even if the end products are comparable to wheat flour products. Hypothesised causes 
of sticky dough include secalins encoded by 1RS, non-starch polysaccharides or high 
enzymatic activity (α-amylase and endoxylanase have specifically been mentioned) 
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(Barbeau et al. 2003; Goesaert et al. 2005; Martinek et al. 2008). Sticky crumb is not 
necessarily correlated with α-amylase activity (Macri et al. 1986b). 
According to Peña (2004), breads produced at home or in small bakeries where 
baking conditions can be adjusted according to the quality attributes of the flour may 
be better suited to triticale than large mechanised baking systems which require strong 
doughs and minimal enzymatic activity. 
 
3.11  Choice of product 
 
Wheat (and rye) flour is utilised in a wide variety of foods as both the primary 
ingredient e.g. flat bread, loaf bread, noodles, cakes, pasta, etc; and as a modifying 
constituent e.g. thickener. Flours with different protein, hardness, amylose, colour and 
fibre components are selected for these various end uses (Figure 2). Considering most 
current triticale cultivars are soft textured with low gluten content, greyish in colour, 
exhibit mid-range amylose content and may have high α-amylase production, they 
seem to be best suited for production of cakes and cookies, blended to make flat 
breads, or in wholemeal bread products. Early research concluded extrusion products 
(such as snacks and flat breads) may be more acceptable when made from triticale 
flour compared to loaf bread products (Weiport et al. 1986). Recent studies have 
confirmed this, and are summarised below. 
 
 
 
 
 
 
 
 
 
 
Figure 2. Relationship between hardness and protein content of the flour required for various end 
products. Adapted from Peña (2002) 
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3.11.1 Loaf bread 
Creating a loaf bread product which can compete with wheat from an economic 
perspective requires investment and partnership between the scientific community and 
the value-adding chain. Satisfactory loaves from triticale flour were produced as early 
as the 1970s (Lorenz et al. 1972b; Lorenz and Welsh 1977). However multiple studies 
have shown the inability of the vast majority of triticale batches to produce high 
volume loaf breads (McGoverin et al. 2011). Crumb texture and structure is often 
inferior in triticale loaves (Macri et al. 1986b; Peña and Amaya 1992), although not 
always (Tsvetkov et al. 2004). Blends of up to around 50% triticale have been found 
to produce satisfactory loaf breads (Tohver et al. 2000; Naeem et al. 2002; 
Colombelli and Oliveira 2009) (Figure 3). 
Rye bread, particularly popular in Eastern Europe and Poland, is darker and denser 
than wheat bread. Certain current triticale varieties may be appropriate for this 
market. This is because the lack of gluten is less critical than content of non-starch  
polysaccharides, soluble proteins and colour in the production of a favourable rye 
bread (Tsvetkov et al. 2004). American-style wheat-rye breads may also be suited to 
triticale as the organic acids involved in the sourdough baking process increase 
protein solubilisation and consequently dough viscosity (Peña 2004). The mildly 
acidic, desirable taste of sourdough is caused by amino acid generation at low pH, 
which occurs in wheat, rye and triticale (Tuukkanen et al. 2005).  
 
 
 
 
 
 
 
 
 
 
Figure 3 Bread produced from a 50:50 blend of triticale: 
wheat flour 
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3.11.2 Flat bread 
Flat breads such as the bazlama, yufka, lavash and pide of the Middle East, naan and 
chapattis of South Asia, tortillas of Central and South America and injera of Sub-
Saharan Africa are less affected by prolamin composition and α-amylase activity than 
loaf breads due to their flat, flexible structure. A fairly large proportion are home-
made or sold fresh by small single-holder businesses in street stalls, where 
consistency in appearance or texture tends to be of less importance than high-
throughput commercial bread products sold in supermarkets (Coşkuner and Karababa 
2005). A survey of triticale growers in Ethiopia stated 86% of growers found the 
appearance and colour of triticale injera to be good or very good, whereas only 44% 
considered the appearance of triticale loaf bread to be good or very good (Gedamu-
Gobena 2008). Blends of between 25 to 50% triticale flour with wheat gave the 
highest sensory scores in tests with bazlama and lavash breads (Coşkuner and 
Karababa 2005), balady bread (Yaseen et al. 2007) and tortillas (Serna-Saldivar et al. 
2004). All these blends scored higher than the 100% wheat products. However 
chapattis made from triticale grown under normal cultural practices were inferior to 
wheat in a study by Yasmin et al. (1990). 
The crude protein content of triticale flour in the study of Serna-Saldivar et al. (2004) 
was incredibly low (7.8%), and gluten content was 63% that of wheat. Hence the poor 
gluten formation of 100% triticale flours led to deformed tortillas when pressed. 
Addition of 2% vital gluten to the dough prevented this defect.  
 
3.11.3 Biscuits/cookies, crackers and cakes 
Biscuits/cookies and crackers require low gluten strength, low water absorption and 
can accommodate higher -amylase activity than flat breads (Coşkuner and Karababa 
2005). Soft wheat with little damaged starch and low protein is desirable for biscuits, 
crackers and cakes, where water vapour, air and chemicals are the leavening agents 
(Peña 2002). In cookies, damaged starch and high gluten strength are detrimental as 
they decrease cookie diameter  (Barrera et al. 2007). The diameter of cookies is a 
function of soluble starch content, water absorption (from pentosans), protein strength 
and elasticity, and dough viscosity (Tanhehco and Ng 2008). The influence of 
hardness classification is greater than protein content (Saxena et al. 1992). Non-
glutinous prolamins (e.g. gliadins) are desirable for cookies as they confer 
stretchability (Leon et al. 1996).  
When using the right variety and grain of appropriate protein content, good quality 
cookies/biscuits can be produced from triticale flour Figure 4. Marciniak et al. (2008) 
found cookies produced from 30% triticale flour had positive organoleptic properties 
plus were higher in soluble dietary fibre and antioxidants than plain wheat cookies. 
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Biscuits made from 50% triticale-wheat blends were acceptable according to Yaseen 
et al. (2007). Biscuits/cookies of very good quality have also been produced from 
100% triticale flour (Leon et al. 1996). There are significant differences in cookie 
quality between triticale genotypes (more so than between soft wheats) and thus 
results from narrow genetic backgrounds may not provide an accurate picture (Saxena 
et al. 1992; Roccia et al. 2006). As in wheat, triticale flour with a moderate protein 
content exhibits a negative correlation between protein content and cookie diameter 
(Leon et al. 1996; Roccia et al. 2006; Tanhehco and Ng 2008).  
Production of cakes from triticale has had mixed results. Acceptable cakes were 
produced from triticale, wheat and rye by Oliete et al. (2010) however inferior cakes 
were produced from wholemeal triticale flour compared to wholemeal wheat or rye 
flour by Gomez et al. (2012). Both studies found crust colour was unfavourable in 
triticale cakes due to high sugar and free amino acid content favouring the Maillard 
reaction (caramelisation under high temperatures, which produces a dark crust). A 
negative correlation was observed between water absorption and specific volume and 
positive correlations were found between crumb structure and soluble pentosan 
content, plus water absorption and crumb firmness. Firmness increased faster in white 
triticale cakes relative to wholemeal, thus suggesting a positive influence of bran on 
staling (Gomez et al. 2012). Regression analysis suggested high cake quality can be 
obtained by selecting lines with low protein and low total pentosans and high water 
soluble pentosans (R
2
 = 0.82 for their data set of 12 wheat, triticale and rye lines) 
(Oliete et al. 2010). 
 
 
 
 
 
 
 
 
 
 
Figure 4 Biscuits produced from triticale (left) and wheat 
(right) flour 
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3.11.4 Noodles and pasta 
Colour, smoothness and softness are some of the most important characteristics of 
noodles (Peña 2002). Low amylose flour is favourable for Japanese white-salted 
(udon) noodles as it produces higher peak viscosity, higher swelling power, lower 
pasting temperature and lower final viscosity (Pham Van et al. 2007). This leads to 
favourable noodle softness and smoothness (Peña 2002). However high amylose flour 
produces pasta with unacceptable characteristics (Morita et al. 2003; Martin et al. 
2004; Soh et al. 2006). 
Considering durum is a progenitor species of triticale and most cultivars have regular 
amylose content, one might assume triticale would be suitable for pasta. However, the 
protein and hardness of triticale is essentially opposite to durum wheat and therefore 
triticale is considered unsuitable. Triticale pasta was found to be of inferior colour to 
pasta produced by bread wheat (Martinez et al. 2012), although some lines with 
favourable yellowness have been observed (Tsang 1999). Lorenz et al. (1972a) found 
triticale suitable for the product of both egg and regular noodles, however cooking 
properties of triticale noodles were inferior to wheat noodles. The characteristics of 
some triticale lines examined by Tsang (1999) were favourable in terms of mixograph 
and starch pasting properties for noodle production, however the averages for 
measured variables were lower/inferior to that of wheat. 
 
3.11.5 Malted beverages 
In contrast to baked flour products, high levels of enzyme degradation are favourable 
for malting. Glatthar et al. (2005) investigated three triticale cultivars for their malting 
characteristics, finding the best of the three cultivars produced a beer of similar 
quality to wheat. Triticale worts are frequently viscous, turbid and separate poorly 
from mashes (Blanchflower and Briggs 1991). Other authors have been able to 
produce good quality malt from triticale – equivalent to two-row barley – and have 
proposed triticale be used as a specialty adjunct in traditional beer (Salmon et al. 
2006). Amongst the eleven triticale cultivars testing in micromalting trials by 
Lersrutaiyotin and Shigenaga (1991), cultivars with complete R-genomes performed 
better in terms of diastatic power, malt extract and extract yield compared to 
substitution types. This was assumed to correlate with lower total nitrogen content. 
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3.12  Classification, consumers and the marketing chain 
 
The utility of triticale in food products depends on its ability to meet market 
requirements. This requires an understanding of the demands of not only farmers and 
end consumers but all levels of the value adding chain (Figure 5). Therefore, despite 
the fact that triticale has higher yield potential than wheat in almost all environments, 
and thus has the ability to produce more edible grain per unit area of land to feed the 
world‟s growing population, farmers will not grow the product unless there is a „pull‟ 
(demand) for the grain. Breeding triticale cultivars which are demanded by the market 
requires pyramiding genes into a genotype with a wide range of characteristics which 
a grower would never see nor care about, such as low bran content, easy-to-handle 
dough, long shelf-life, great taste, etc. Such cultivars must then be combined with 
appropriate agronomic management to produce grain which can compete with wheat 
in a milling market. 
The Australian wheat industry has strict quality control standards. This has allowed 
Australian wheat to develop an excellent international reputation. In contrast to wheat, 
triticale has very little centralised quality control in Australia or elsewhere (Peña 
2004; Grain Trade Australia 2011). In Australia, most triticale grain is retained on-
farm or sold directly to nearby feedlots: little is handled in bulk. Grain Standards 
Australia have only one class for triticale, specifying only 2 requirements for grain 
quality: moisture <12.5% and test weight 65 kg/h (Grain Trade Australia 2011). To 
obtain grain of high enough quality for milling, a marketing system must be 
developed which specifies appropriate protein content and segregates varieties with 
good gluten profiles, appropriate hardness, etc, similar to the wheat classification 
system. Current standards for wheat, such as minimum test weight 76 kg/hL (Honey 
2010) or grain ash content 1.4-1.5% (GrainCorp 2010) could not be directly applied to 
triticale. 
Also in contrast to wheat, the legal framework surrounding triticale grain and flour in 
human foodstuffs is only partially defined. This has apparently been a barrier to 
triticale use in Europe (Peña 2004). The National Health and Medical Research 
Council of Australia did not see the need for specific legislation or regulations 
regarding triticale in food back in the 1980s (Bread Research Institute 1984). This 
may need to be reassessed under modern guidelines. The safety and labelling 
standards and other legal matters surrounding an emerging food crop such as triticale 
must be established for it to gain market acceptance by end consumers. 
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Food quality is ultimately determined by current consumer trends. Consumers prefer 
different properties in different end products, and these preferences change over time. 
Modern consumers in developed nations are interested in novel products and foods 
with health benefits - this favours the use of triticale in processed flour products 
(Boros 2006). For example, demand for low Glycemic Index (GI) products in Western 
nations over the last few decades has led to increased demand for products higher in 
dietary fibre/lower digestibility (Pham Van et al. 2006; Lehmann and Robin 2007).  
In general, triticale possesses higher levels of some beneficial nutritional factors. 
Dietary fibre is around 6% higher in triticale than wheat (Bona et al. 2006). Lysine, 
which is the first limiting amino acid in wheat, is found in greater concentrations in 
triticale (Mossé et al. 1988; Heger and Eggum 1991; Roux et al. 2006). Note however 
the amino acid composition varies with genotype and the growing environment 
(Fernandez-Figares et al. 2000). Alkylresorcinols, considered as excellent 
antioxidants with anti-bacterial properties, are found in higher amounts in triticale 
varieties than in wheat (Verdeal and Lorenz 1977; Heger and Eggum 1991; Ross et al. 
2003; Boros 2006). 
Triticale has a reportedly nuttier and naturally sweet flavour compared to wheat 
(Cooper 1985). A survey amongst triticale growers in Ethiopia found that 62% 
considered the taste to be good or very good and only 12% considered it to be poor or 
very poor (Gedamu-Gobena 2008). Pleasing flavour was also reported by Stallknecht 
et al. (1996). Alkylresorcinols give triticale grain a mild rye flavour (Klopfenstein 
2000). 
The nutritional, novelty and flavour attributes of triticale are certainly present, 
however when considered amongst the wide range of available food products, they 
are only marginally better than wheat. The main advantage of triticale over wheat is 
its higher grain yield and hence potentially cheaper price. For a review of the 
socioeconomic factors influencing triticale uptake in the marketplace see (Fohner and 
Hernández Sierra 2004). 
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4 Testing for Quality 
 
Due to the lack of breeding and quality classification amongst triticale lines, it is 
essential that basic grain chemistry be performed before selecting genotypes for 
research, and only those lines with equivalent characteristics be compared to wheat 
checks. It is common for researchers to use lines from a general triticale population 
however select wheat standards suited to the intended end product, and thus it is no 
surprise that the average of the triticales is inferior to wheat. For example, cookies 
produced from triticale lines were inferior to those produced from the soft wheat 
check, however all except one triticale line had medium hard to hard texture (Ramírez 
et al. 2003). Naeem et al. (2002) compared triticales grown in one environment with 
wheats grown in a separate environment and with vastly different flour protein 
content (between 5% and 10.5%, compared to wheat with between 12.5% and 
12.8%), but still concluded certain genotypes were more suited than others for bread-
making. Furthermore, results from narrow genetic backgrounds cannot provide an 
accurate picture of the grain quality of the species (Saxena et al. 1992; Roccia et al. 
2006). Therefore caution must be exercised in the design of experiments which 
compare the two species, both in terms of the genotypes selected, the environments 
they are grown, and the methodology utilised. 
Significant advances in the evaluation of wheat grain, flour and dough quality have 
been made over the past few decades, particularly as the mechanisms underlying 
quality have been defined. Many of these tests have been applied to other cereal 
grains without alteration. The main methods used in this thesis and the potential 
differences between their use on wheat and triticale grain are outlined below. 
 
4.1 Gluten properties 
4.1.1 Wet gluten 
Gluten can be simply extracted in wheat by massaging a ball of dough under running 
water. This concept has been developed into wet gluten methods which rely on the 
ability of the proteins to form a cohesive mass. However, the use of such automated 
detection methods in triticale would underestimate the amount of gluten as poor 
connections between gluten strands means high losses are sustained during the 
vigourous automated washing process. Martinek et al. (2008) found wet gluten 
content of triticale measured according to ICC standard no. 155 differed substantially 
from an older internal laboratory method due to differences in the amount of protein 
washed out with vigorous washing in NaCl compared to gentle washing in water. 
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Similarly, the use of the Glutomatic 2200 instrument for crude gluten content yielded 
low or undetectable levels of gluten in triticale varieties from Estonia (Tohver et al. 
2005). Martinek et al. (2008) also observed high Gluten Index values in triticale but 
poor viscoelastic and farinographic properties. This also suggests Gluten Index may 
not be a suitable method for determination of gluten strength in triticale. 
 
4.1.2 SDS-sedimentation test 
The SDS-sedimentation test or SDS gel protein are well-known tools which predict 
loaf volume (Sapirstein and Suchy 1999). The test is based on the insolubility of 
gluten in sodium dodecyl sulphate (SDS). When flour is dispersed in an aqueous 
solution of SDS then centrifuged, it forms a proteinaceous gel mass (Suchy 1997). 
Although shown to be slightly affected by total protein content in wheat, in general 
these tests target flour protein quality and have an excellent correlation with final loaf 
volume. The original test was introduced by Zeleny (1947) and was subsequently 
updated by multiple research groups, the most popular being the method of Dick and 
Quick (1983). Flour/wholemeal protein content is linearly correlated with SDS-
sedimentation volume, however the degree (slope) of this relationship differs between 
wheat species and hardness classes (Carter et al. 1999). 
As in bread wheat, high SDS-sedimentation volume in triticale is associated with 
higher quality bread (large loaf volume) (Peña et al. 1991; Peña et al. 1998; Naeem et 
al. 2002), although not to the same extent (Adam Lukaszewski, personal 
communication). Few studies have commented on the role of protein content in SDS-
sedimentation volume of triticale, although manual calculation of the results presented 
in Naeem et al. (2002) and Erekul and Kohn (2006) both revealed a 15% increase in 
SDS-sedimentation volume for every 1% increase in flour protein content. SDS-
sedimentation volume of normal triticales, like loaf volume, is usually lower than 
wheat but similar to or slightly higher than rye (McGoverin et al. 2011). 
 
4.2 SDS-PAGE 
 
Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE) is used 
to assess the glutenin composition of whole grains. It is based on the reaction of the 
macropolymers to an electric current in a gel matrix, which is a function of protein 
size and electric charge. The relative mobilities and identities of glutenin subunits and 
gliadins have been thoroughly defined and characterised in bread wheat and durum  
(Payne 1987; Shewry and Halford 2001), however a literature search did not reveal 
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any instances of prolamin allele designations for rye. Several alleles from the rye 
genome within in triticale have been defined (McIntosh et al. 2008). 
The identification of secaloglutenin subunits in triticale is rendered difficult by 
overlapping mobilities of subunits from the various subgenomes. For example, -
secalins overlap with LMW glutenins on SDS-PAGE, 40K-secalins overlapped with 
some-gliadins  (Bernard et al. 1990), and HMW secalins and glutenins overlap 
(Ryöppy 1990; Ciaffi et al. 1991). This makes characterisation of glutenin subunits 
difficult, particularly when trying to identify potential sources of subunits expressed 
on the A or B genome known to have good bread-making properties in wheat 
(Salmanowicz and Dylewicz 2007). Modern molecular markers have reduced the 
need for phenotypic identification of glutenin subunits. 
 
4.3 Falling number 
 
Falling number (FN) is an indirect test for α-amylase activity used to quickly assess 
pre-harvest sprouting or LMA activity in wheat and rye (Wehmann et al. 1991; 
Hareland 2003). The test is based on the rate at which a plunger sinks through a flour-
water slurry which has been heated and mixed to stimulate the action of grain 
enzymes. 
FN is negatively correlated to -amylase activity in wheat (Hutchinson 1966; 
Hareland 2003) and triticale (Macri et al. 1986b; Mares and Oettler 1991), however 
the two species exhibit unique regression relationships. Low falling number has been 
a feature of triticale for decades (Serna-Saldivar et al. 2004; Tohver et al. 2005) and is 
considered one of the main hindrances to triticale quality. There is considerable 
variation within triticale and whilst falling number is often close to the minimum for 
the test (60 seconds), a few lines with similar or higher falling number than wheat 
have been obtained (Oettler 2002; Tohver et al. 2005). 
 
4.4 Pasting properties 
 
The attributes and organisation of starch within cereal grain flour, and its interactions 
with lipids, non-starch polysaccharides, proteins and enzymes, are determined using 
the viscosity of a paste as it is heated and cooled in a standardised procedure. The 
concepts of the test are summarised by Perten (2011). Either white or wholemeal flour 
can be used in the test, and under standard methodology (where enzymes are active), 
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the differences in pasting properties between wholegrain and white flours were 
insignificant in triticale (Gomez et al. 2012). 
The „peak‟ of the pasting curve is the point at which the number of swollen, intact 
starch granules is at a maximum. The time this occurs indicates the rate of water 
absorption; the height at this time indicates the ratio of amylose to amylopectin and 
the stability of starch granules (Pham Van et al. 2006; Ao and Jane 2007; Leon et al. 
2007). Wheat flour has repeatedly exhibited a later peak time and greater (two to 10 
times) peak viscosity than triticale when tested using standard (AACC or similar) 
methodology (Leon et al. 2007; Naik et al. 2010; Oliete et al. 2010; Gomez et al. 
2012). However when enzymes are inactivated using AgNO3, the peak viscosity is 
similar between wheat and triticale (Klassen and Hill 1971; Sharma et al. 2002). This 
is due to the confounding influence of triticale‟s high enzymatic activity on the 
viscosity of the slurry (Klassen and Hill 1971).  
Other pasting properties of interest include the hot paste viscosity (viscosity when all 
starch granules have ruptured), cool paste viscosity (viscosity of retrograded starch), 
breakdown (drop in viscosity between peak viscosity and viscosity of ruptured 
granules) and setback (resistance to retrogradation). High peak viscosity and setback 
is characteristic of low amylose starch and is used to select lines suitable for white 
salted noodle production (Pham Van et al. 2006). This phenomenon has previously 
been observed in triticale (Sharma et al. 2002). 
 
4.5 Particle size index and SKCS 
 
The Particle size index (PSI) is a measure of grain hardness (Williams 1967). The 
traditional PSI test is simply the proportion of flour which falls through standard 200-
mesh (74m) sieves (Williams 1986). More recently, near infrared spectroscopy has 
been used to determine PSI (Manley et al. 2002). 
The Single Kernel Characterisation System measures the force required to break 300 
grains, in addition to estimating thousand kernel weight, average kernel width and 
sample moisture content (Rasper and Walker 2000). It is a rapid, automated system 
for measurement of grain hardness which also reveals variability within a sample 
batch. 
As both methods are physical measures, no differences have been reported in the 
outcome of the methodology between wheat and triticale. 
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4.6 Mixing tests 
 
Mixing tests attempt to predict the water absorption capacity, viscosity and 
temperature stability of dough when baked. The results are predominantly a function 
of protein quantity, protein quality and starch type. Standard tests include mixograph, 
extensograph and farinograph (Rasper and Walker 2000). 
Long dough mixing time tends to be associated with large loaf volume (Peña et al. 
1991; Peña et al. 1998). Triticale has shorter mixing time than wheat (Macri et al. 
1986a, Naeem et al. 2002) and generally inferior height at peak resistance, however 
several individual cultivars have been identified with similar mixograph properties to 
wheat (Naeem et al. 2002; Naik et al. 2010). 
Mixing tests have repeatedly confirmed triticale has significantly lower water 
absorption capacity than wheat (Serna-Saldivar et al. 2004; Naik et al. 2010; Oliete et 
al. 2010). This is despite the fact it is higher in non-starch polysaccharides (Bettge 
and Morris 2000). Protein content has a key role in water absorption. Therefore, when 
comparing genotypes the farinograph results must be considered in light of the protein 
content (Fowler and Kovacs 2004). The water requirement for baking in triticale has 
been found to be higher than the level suggested by mixing tests (Lorenz et al. 
1972b). 
Non-linear relationships are often observed between the proportion of triticale flour 
and mixing parameters due to variation in protein quality (Naeem et al. 2002; Serna-
Saldivar et al. 2004). Thus it is difficult to predict results from one genotype to 
another, or extrapolate the relationship between the proportion of triticale flour and 
dough strength to greater or lesser proportions. 
 
4.7 Test baking 
 
Standard conditions for baking are well established for wheat to allow objective 
comparison between test flours e.g. American Association of Cereal Chemists (2008). 
These include ingredients, temperature and time for preparation and baking. However 
Cooper (1985) and Lorenz et al. (1972b) have suggested determination the optimal 
baking conditions for triticale may be slightly different to that of wheat.  
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Test baking is essential to gauge the effect of the combined and interacting flour 
quality characteristics on the final product. Furthermore, the final product should be 
evaluated using the ultimate test – human sensorial evaluation. Differences in quality 
as recorded by scientific instruments are not always correlated with the quality of the 
final product in the eyes of the consumer, as sensorial evaluation is not as „fussy‟ as 
machinery or statistical analyses. For example, wholemeal rye cakes were not rated as 
significantly different to wholemeal wheat cakes by sensorial analysis, despite having 
lower volume, symmetry and poorer crumb colour (Gomez et al. 2012). For test 
baking to be directly applicable to industry, the recipe and conditions should reflect 
the intended end product e.g. Figure 5. Furthermore, standard methods do not always 
reflect commercial or local baking methods for the target end product, and thus 
baking tests have been modified by various laboratories (Rasper and Walker 2000). 
 
 
Figure 5 Test baking of triticale shortbread biscuits 
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5 Primary triticales 
 
A primary triticale is the initial progeny of a wheat-rye hybrid. Primary triticales can 
exhibit a chromosomal constitution ranging from tetraploids to decaploids, contain 
either wheat or rye cytoplasm, and be created from any number of domestic and wild 
wheat or rye species (Lukaszewski and Gustafson 1987). A secondary triticale is the 
result of a cross between a primary triticale with either wheat or another triticale 
(McGoverin et al. 2011). Secondary triticales generally have higher cytogenetic 
stability and fertility, and are the form bred into most modern cultivars (Lukaszewski 
and Gustafson 1987). 
The first fertile triticales were documented in the 1880s, however commercial 
breeding programs were not established until the mid 20
th
 Century (Oettler 2005; 
McGoverin et al. 2011). Early triticales were marked by poor endosperm 
development, susceptibility to lodging and poor sprouting resistance (Zillinsky 1973). 
However breeding programs made rapid progress in yield and vigour by crossing 
primary triticales between each other and back to wheat. Routine production of new 
primary triticales is a minor part of modern breeding programs and little has been 
published on the subject over the last 20 years, apart from a group at St. Petersburg 
State University, Russia (Tikhenko et al. 2008).  
The value of new gene introductions from alien chromatin has been demonstrated in 
other cereal species, particularly in the creation of synthetic wheats (Dreisigacker et 
al. 2008). Maintaining diversity is essential for a crop to have the capacity to respond 
to changing biotic and abiotic stresses, and market requirements (Nkongolo et al. 
1991; Herrmann 2006; Schneider and Molnár-Láng 2008). Furthermore, primary 
triticales are an excellent model species for the study of genome interactions and the 
interaction of homologous chromosomes in polyploid species (Lukaszewski and 
Gustafson 1987). 
There are several barriers to the economic utilisation of primary triticales as a source 
of beneficial genetic material: 
 The cross-incompatibility of certain wheat or rye genotypes (Balatero and 
Darvey 1993).; 
 Primary triticales tend to have unstable behaviour at meiosis, poor seed type, 
late maturity, poor seed set and generally low agronomic vigour (Tikhenko et 
al. 2003b); 
51 
 
 Complex interactions between the wheat and rye genome mean parental traits 
are not necessarily good predictors of the characteristics of the resulting 
primary (Geiger et al. 1993; Oettler 2005); and 
 The number of good agronomic types produced from a wheat-rye cross is very 
small compared to a triticale-triticale cross. Herrmann (2006) reported 95% of 
progeny were discarded in the first few generations of a primary triticale 
program due to late heading, low kernel filling and lower fertility and that the 
remaining lines exhibited deficiencies in kernel filling and test weight. 
This chapter examines some factors involved in producing primary triticales including 
chromosome compositions, crossability, and the interaction of parental genes in the 
offspring. 
  
5.1 Cytogenetics 
 
Table 6 Commonly utilised genomic constitutions of triticale (Oettler 2005) 
Ploidy Genome 
Chromosome 
constitution 
Octoploid AABBRRDD 2n=8x=56 
Hexaploid AABBRR 2n=6x=42 
Tetraploid AARR 2n=4x=28 
Tetraploid BBRR 2n=4x=28 
Tetraploid DDRR 2n=4x=28 
Tetraploid (AB)(AB)RR 2n=4x=28 
 
Fertile tetraploid, hexaploid, octoploid and decaploid triticales have all been created 
from wheat-rye crosses, as well as triticales with rye cytoplasm and hybrids of all 
ploidy levels (Lukaszewski and Gustafson 1987). Most early work focused on 
octoploids, along with simple maternal wheat by paternal rye crosses (Table 6) 
(Oettler 2005). Whilst seed set is generally lower when performing inter-species 
crosses with hexaploid wheat as opposed to tetraploid wheat, plant recovery is 
generally higher (Sirkka et al. 1993). Octoploid triticales have been met with some 
success in China and several cultivars have been released, however worldwide they 
are quite rare (Cheng and Murata 2002). Octoploid triticales tend to be 
cytogenetically unstable and the high frequency of aneuploids reduces fertility to 
below acceptable levels in most cases (Weimarck 1974; Lukaszewski and Gustafson 
1987). Octoploids are generally of low yield in their primary form (Oettler 1986; 
Oettler et al. 1991).  
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The reason for the superior stability of hexaploid vs. octoploid triticale is unknown. 
Loss of chromosomes 2R and the short arm of 5R appeared to improve the stability of 
octoploid triticale (Cheng and Murata 2002). It appears that 5RS hosts a gene which 
promotes homologous chromosome pairing at meiosis (Sears 1976). According to 
Cheng and Murata (2002), all lines possessing the full 5R chromosome displayed 
some loss of chromosomes from the A, B or D subgenome.  
Spike fertility in the primary triticale (even after several generations of selfing) is 
greater in hexaploids than octoploids (Tikhenko et al. 2003b). The genes for spike 
fertility are apparently related to the self-incompatibility genes in rye at the S, T and Z 
loci, located on 1R, 5R and 2R respectively (Voylokov et al. 1998), and correspond to 
the Kr loci in wheat (Tikhenko et al. 2003b). Furthermore, seed set of primary 
triticales made from 7D(7B) substitution durum lines was significantly higher than the 
primary triticales made from equivalent unsubstituted lines (Xu and Joppa 2000). 
Tetraploid triticales have proven extremely difficult to create  and the diploid wheats 
used to create them possess fewer of the desirable yield and quality characteristics 
found in tetraploid wheats (Oettler 2005). Thus after decades of experimentation, 
hexaploid triticale has become the dominant form. 
 
5.2 Crossability 
 
The process of creating a primary triticale requires a set of particular genetic and 
environmental conditions to be met. Different species or genotypes are not uniformly 
responsive to hybridization at all stages of the process (Oettler 1985). The crossability 
of the parents, the reaction of the parental cytoplasm with the embryo, the vigour of 
the haploid embryo and the response to colchicine will all influence the outcome of a 
wheat-rye cross.  
 
5.2.1 Crossability genes 
The crossability genes Kr1 and Kr2 appear to be located on the chromosomes 5B and 
5A respectively (Riley and Chapman 1967). These dominant genes, when present, 
actively inhibit crossability by preventing rye pollen tubes from penetrating the wheat 
ovary walls during primary triticale creation (Riley and Chapman 1967; Shao and 
Taira 1990). When the recessive alleles are present, seed set can be as high as 100% 
(Lukaszewski and Gustafson 1987). Kr1 has a greater effect than Kr2 (Riley and 
Chapman 1967). It appears these crossability genes (governing the wheat-rye 
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interaction) are independent of the crossability of the wheat parent alone (Oettler 
1983). 
Once a zygote is formed, it begins to differentiate into a haploid embryo within the 
maternal seed head. Oettler (1984) concluded maternal wheats had the greatest 
influence on embryo differentiation, and that the paternal rye genotype caused a 
smaller but still statistically significant effect on number of seed set. Balatero and 
Darvey (1993) found the range of crossability among the rye parents (49%-69%) was 
less than among the wheat parents (34%-74%). Tikhenko et al. (2003b) found 
complementary interaction between genes on the rye and wheat genomes influenced 
the development of hybrid offspring. 
In contrast to wheat x rye crosses, bread wheat x triticale crosses (utilised in the 
creation of secondary triticales) do not appear to require favourable alleles in the 
crossability genes (Nkongolo et al. 1991). 
 
5.2.2 Embryo lethality genes 
Distant hybridisations can lead to death or morphological deformation of the hybrid 
offspring any time from the formation of the zygote to the growing hybrid seedling 
(Tikhenko et al. 2008). A gene which prevents germination of differentiated primary 
triticale embryos was found by Tikhenko et al. (2005). Lines carrying this gene 
produce ungerminating embryos which differ in size and level of differentiation 
depending on the maternal parent. Based on analysis of primary triticale seed 
produced using a paternal rye hybrid originating from crosses between germinating 
and ungerminating rye lines, the authors suggested a single gene was responsible, 
called Embryo lethality gene (Eml). At least 3 alleles have been identified (two of 
which cause embryo lethality and a wild-type allele which produces normal embryos) 
(Tikhenko et al. 2005; Tikhenko et al. 2006). Eml was located on the 6R chromosome 
using molecular markers (Tikhenko et al. 2006) and it appears it is the interaction 
between the Eml alleles in rye and at least one complementary gene in wheat which 
causes embryo abnormality. The mechanism appears to relate to the degeneration of 
shoot meristem cells of the developing embryos. The lines investigated by Tikhenko 
et al. (2008) still had normal caryopsis development, despite the abnormal embryo. 
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5.3 Production of fertile offspring 
 
The genetic mechanisms for gametes of wheat and rye to successfully cross is 
independent of genes which facilitate the development of hybrid embryos into fertile 
plants. The differentiation of the embryo, growth on media and response to colchicine 
(or spontaneous chromosome doubling) are all required for successful hybrid 
production.  
 
5.3.1 Embryo rescue and tissue culture 
It is essential to rescue the embryos of hexaploid triticale crosses, but not those of 
octoploid, from the developing seed (Oettler 1983). Few hexaploid wheat-rye 
embryos will survive if seed formation continues uninterrupted in the maternal parent. 
To obtain hybrid wheat-rye plants the most efficient method is to remove the embryos 
from the developing seed from 12-20 days after pollination and grow them in vitro. 
Larger and better differentiated embryos tend to recover better when rescued in vitro 
and embryo culturability is highly associated with plant recovery (Balatero and 
Darvey 1993). A 6D/6A substitution, common in many CIMMYT triticales in the 
1980s, has a positive effect on embryogenetic capacity in tissue culture (Immonen 
1992). Chromosome 2D may also have a positive effect of tissue culture response 
(Immonen 1992), as does the 1B.1R translocation in wheat (Langridge et al. 1991; 
Henry et al. 1993). The efficiency of production of primary triticale can be increased 
by inducing callus formation in abnormal embryos using hormones and proceeding 
with tissue culture methods (Shao and Taira 1990; Immonen 1992; González et al. 
1997).  
Establishing environmental conditions conducive to growth of the specific genomic 
constitution and embryo development stage will greatly improve success rates. The 
ideal pH, sucrose concentration, casein hydrolysate concentration and combination of 
nutrients in the media should be determined for the triticale chromosomal type, 
temperature conditions and stage of embryo development in vitro (Taira and Larter 
1978). 
The optimal time to rescue embryos from developing grain depends on the 
environmental conditions (Sirkka and Immonen 1993). The effect of the environment, 
such as maximum temperature after crossing, differs between hexaploid and tetraploid 
wheat crosses in primary triticale production (Sirkka et al. 1993). It has been 
hypothesised that higher temperatures for a few days after pollination is beneficial for 
crossability, however from 4 days after pollination it becomes detrimental to embryo 
survival (Nkongolo et al. 1991). 
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5.3.2 Chromosome doubling 
Production of fertile grain from primary triticale requires doubling of the 
chromosomal number from amphihaploid to amphidiploid. This is usually facilitated 
by the chemical colchicine, which interferes with the spindle during cell division and 
induces polyploidy in affected cells (Östergren 1944). The response to colchicine 
depends on the genotype of both the wheat and rye parents, although the influence of 
rye may be greater than wheat (Tanner 1981). Tanner (1981) also found a correlation 
between the colchicine response and the self-fertility of the derived amphidiploid. 
Both tetraploid and hexaploid wheats are capable of spontaneously crossing with rye 
and producing fertile seed even in vivo (Riley and Chapman 1967; Oettler 1984). 
Meiotic restitution (spontaneous chromosome doubling without the need for 
colchicine) occurs naturally in some genotypes. Balatero and Darvey (1993) found 
roughly similar levels of partial fertility in plants which spontaneously doubled (up to 
22.9%) compared to colchicine treated plants. Thus selection for genes for meiotic 
restitution may provide an alternative to colchicine treatment. 
 
5.4 Parental interactions 
Triticale is an excellent model species to examine the interaction of genes between 
homologous chromosomes in a wide cross. There are several issues involved: 
1. Degree of dominance and recessiveness of gene alleles; 
2. Direct suppression or promotion of genes on one genome from the genome of 
the other parental species; 
3. Suppression, interaction or promotion of the gene products, and/or additive 
effects; 
4. Genome dosage effects; and 
5. The environment and its possible variable effects on homologous gene 
expression. 
Hence the characteristics of the parents are not a reliable predictor of performance in a 
cross, for both hexaploid and octoploid triticales (Geiger et al. 1993). The expression 
of both rye and wheat genomes is reportedly unpredictable thus far in triticale 
(Voylokov and Tikhenko 1998). Note that the parental cytoplasm plays just as much 
of a role in the successful production of primary triticales as the parental genotypes 
and their interaction (Oettler 1985).  
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5.4.1 Examples of parental interactions in agronomic traits 
It is difficult to predict the performance of the hybrid offspring by looking at the 
parents for most agronomic characters (Oettler 1986; Oettler et al. 1988a) (Figure 6). 
It appears the wheat and/or rye genome can suppress heterotic effects depending on 
the genotypes of both parents (Oettler et al. 1988b). However the performance of 
inbred rye in hybrid breeding programs may give some indication as to the 
performance of the primary triticale depending on the wheat background. In general it 
appears difficult to predict the yield potential of primary triticales based on the yields 
of parents (Oettler et al. 1988b; Geiger et al. 1993). 
Some genes express normally in the triticale genome, such that the triticale has the 
characteristics of the parent for that trait e.g. rye dwarfing gene Ddw1 (Tikhenko et al. 
2003a). The phenotypic outcome of this expression is related to the chromosome 
dosage of the rye genome in triticale, the alleles at the dwarfing loci in wheat, and the 
minor genes. 
Other genes have altered expression in primary triticales compared to their parents. 
Seed dormancy in wheat and bract inhibition of pre-harvest sprouting in rye, both 
important contributors to seed quality, may not be expressed in the primary triticale 
due to parental interactions (Trethowan et al. 1993). Some rye genes are only 
expressed in the wheat-rye hybrid genome – for example, spike fertility and embryo 
lethality (Tikhenko et al. 2003b, 2005). 
A large study on the influence of wheat and rye parental characteristics on multiple 
agronomic characters in primary triticale did not find significant interaction for gene 
expression between the parental genomes (Oettler et al. 1991). The rye parent 
dominated for fertility characteristics; the wheat parent dominated for vegetative 
characters. No association was found between grain yield and tillering and a positive 
correlation was found between kernels per spike and thousand kernel weight – both 
unusual conditions indicating physiological disorders specific for primary triticales. 
Contrasting results for the influence of certain agronomic characters such as plant 
height were obtained by Oettler (1986) and Lelley and Gimbel (1989), however the 
methodology involved pooling effects over different wheat species or ploidy levels. 
 
5.4.2 Examples of parental interactions in quality traits 
Several authors have investigated the expression of genes for grain prolamins in 
primary triticales relative to their parents using SDS-PAGE banding patterns 
(Shepherd and Jennings 1971; Orth et al. 1974; Virdi and Larter 1984; Field and 
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Shewry 1987; Bernard et al. 1990; Ciaffi et al. 1991). Most authors concluded that the 
banding pattern of the offspring primary triticale is the sum of the two parents.  
Occasionally a polymorphism was observed between the primary triticale offspring 
relative to its parental line (Shepherd and Jennings 1971; Virdi and Larter 1984; 
Bernard et al. 1990). This is most likely due to polymorphisms within the parental 
line, particularly in rye which is an outcrossing species (Field and Shewry 1987). 
Virdi and Larter (1984) observed a suspected polymorphism in the rye prolamin 
banding pattern in a supposedly inbred rye line (F8). Ryöppy (1990), in a study of 
double haploids, found the banding patterns in offspring different to that of the parent, 
which was attributed to outcrossing in the field. Rye is naturally allogamous. 
Therefore polymorphisms will naturally exist in different primary triticales produced 
from the same rye parental line. Unless a survey of potential secalin alleles is 
conducted on the actual plant which was used as the parent, it is impossible to 
ascertain the source of variations in banding patterns between a sample of the parental 
line and the primary triticale (Virdi and Larter 1984). 
Nevertheless, there is some evidence of altered gene expression or interaction 
amongst prolamin genes in primary triticale compared to its parents. Bernard et al. 
(1990) investigated crosses between tetraploid and octoploid triticale. Expression of 
certain B genome prolamins and D-genome ω-gliadins was different between parental 
and offspring triticale, both in terms of presence/absence of bands or band intensity. 
Expression of the 75k γ-secalins was suppressed in some hexaploid triticale offspring 
and was completely suppressed in the octoploid parent (but expressed normally in the 
tetraploid parent). Rozynek et al. (1998) found differences in band intensity and 
mobility in the gliadin and secalin fraction between triticale and its parents, although 
no data were presented on the homogeneity of the parental lines. 
In addition to potential genetic interactions, the gene products have been shown to 
interact in primary triticale in ways not possible when isolated in the wheat or rye 
parent. Scanning electron micrographs of durum, rye and the offspring triticale clearly 
reveal the differences in the ultrastructure of gluten produced from durum, rye and 
triticale (Orth et al. 1974). Based on gel filtration chromatography, Field and Shewry 
(1987) concluded triticale formed at least some mixed polymers and oligomers 
between polymeric secalins (75K γ-secalins and HMW secalins) and glutenin (LMW 
and HMW) subunits. This was evidenced by differences in solubility between triticale 
and its parents. They also found the -gliadins were present in lower amounts in 
triticale than the parental wheats and exhibited different banding patterns in an 
octoploid triticale than its hexaploid parent (Chinese Spring). Bernard et al. (1990) 
found that band intensity of subunit 8 from Glu-B1 was often weaker and sometimes 
present only as traces in some triticale lines compared to the wheat parent. Certain 
HMW storage proteins were visible under SDS-PAGE in an amphidiploid synthesized 
between Aegilops squarrosa and Secale cereale that were not visible in either parent, 
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however the tetraploid forms of the parents also exhibited bands not visible in the 
diploid forms of the species (Sekiguchi et al. 1993). Thus though it appears 
expression of prolamin genes in the primary follows that of the parent, the prolamins 
themselves interact and produce proteinaceous structures with properties which are 
not intermediate (or the sum) of the parents. 
In a significant study of transgenic rye by (Altpeter et al. 2004), mixed polymers were 
formed between rye secalins (including normally monomeric types) and HMW 
glutenins 5+10 resulting from expression of the Glu-D1d transgene. In crosses 
between Chinese Spring or Holdfast (wheats) with rye cultivars Imperial or King, 
several bands not present in either parent were observed (Zhang et al. 2008). Rye 
chromosome addition lines identified 1R as the source of an extra HMW band, and 
3R as causing loss of HMW and gliadin bands. (Sekiguchi et al. 1993) also observed 
SDS-PAGE bands in an amphidiploid synthesised between Aegilops squarrosa and 
Secale cereale (DDRR) which are not present in either parent. 
The parental effects on starch were investigated by Klassen and Hill (1971). The 
protein content of the primary triticales was higher than both parents, but the starch 
content was similar to both the parents and the wheat standard. The mean particle 
diameter was intermediate between both parents. Differences in other starch 
characters such as amylograph viscosity and amylose content could be explained by 
variation within the species tested. 
Therefore, the interaction between genes and gene products in primary triticale means 
caution must be exercised when selecting parents with desirable grain quality for 
interspecies crosses. 
 
 
 
Figure 6 Grain of triticale and its progenitor species (from left to right): 
durum, triticale, rye. 
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6 Grain quality in dual purpose cropping 
 
Because of its high vigour in terms of both grain and biomass production, highly 
productive dual-purpose triticale cultivars have been developed (Mergoum and 
Gómez-Macpherson 2004) (Figure 7). Cultivars with higher biomass than wheat but 
lower biomass than oats, plus higher grain recovery than wheat, barley and oats, are 
available in NSW (Matthews and McCaffery 2012).  
The grain quality of dual-purpose wheat is inferior to grain-only spring wheats. Grain 
from some dual-purpose wheat varieties can be marketed as Australian Standard 
White or Noodle quality, however the vast majority is marketed as feed grade only 
(Matthews and McCaffery 2011). Thus it would be reasonable to assume that the 
grain quality of triticale from dual-purpose systems would also be inferior to grain-
only systems. However, Haque et al. (Haque et al. 2006) reported a decrease in grain 
ash content in grazed treatments. High ash content is a significant hindrance to 
adoption of triticale flour (see section 3.5) and thus dual-purpose production may 
improve triticale quality. Furthermore, the grain protein content for both grazed and 
ungrazed plots was high and did not decrease significantly following grazing.  
Studies on winter wheat usually conclude grazing has little or no influence on grain 
quality in fertile environments. The high protein content of dual-purpose wheat 
(average 15.4%) was unaffected by cutting despite grain yield being reduced in a 
study by Royo and Tribo (1997). In work by Khalil et al. (2002), no difference was 
detected in milling yield or protein content (minimum 12.1%) between grazed and 
ungrazed wheat despite significant differences in grain yield. Furthermore, Holman et 
al. (2009) observed practically negligible effects of grazing on kernel hardness and 
protein concentration amongst 12 winter wheats from the USA. However, grazing 
also did not significantly reduce yield, or kernel diameter in all environments, and 
significant genotypic differences were 
observed. 
Due to its inherent low quality and hence 
requirement to be blended with wheat for 
many baked products, and suitability to dual-
purpose cropping, breeding dual-purpose 
triticale lines with moderate grain quality has 
the potential to increase returns to the farmer. 
 
 
Figure 7 Dual purpose triticale 
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Chapter 3 
 
 
Characteristics of modern triticale quality 
 
 
 
This body of work outlines the quality of a selection of current Australia triticale cultivars. 
The research took an integrated approach to quality and thus considers the interactions 
between different physical and chemical components of the grain as well as their interaction 
with human/market preferences for food products. 
Due to the complexity and scientific significance of the results, the chapter was split into 
three parts. Each of these parts has been submitted to industry journals. 
 
 Part 1 - Glutenin subunit composition and mixing properties 
Currently under review by Journal of Agricultural and Food Chemistry 
 
 Part 2 - Relationship between carbohydrate properties, α-amylase activity, and 
falling number 
Published in Cereal Chemistry 90 (6): 594-600 
 
 Part 3 - Commercially significant flour traits and cookie quality 
Published in Crop and Pasture Science 64: 874-880 
  
61 
Characteristics of modern triticale quality: glutenin subunit composition and mixing 
properties 
 
Angela L. Pattison
1*
, Marie Appelbee
2
, Richard M. Trethowan
1 
 
1
 Plant Breeding Institute, University of Sydney, 12656 Newell Highway, Narrabri, NSW 
2390, Australia 
2
 LongReach Plant Breeders, 1/18 Waddikee Road, Lonsdale, SA 5160, Australia 
* Corresponding author: Phone: +61 2 6799 2200; Fax: +61 2 6799 2239; 
angela.pattison@sydney.edu.au 
 
 
 
ABSTRACT 
Triticale is a hardy, high yielding cereal crop with a reputation for poor gluten strength. The 
secalogluten formation capacity was investigated in 17 modern triticale cultivars by defining 
their HMW glutenin and 75K γ-secalin alleles, then assessing SDS-sedimentation height and 
mixograph parameters in a subset of cultivars. The allelic diversity was poor with only 13 
alleles identified at 4 loci; nevertheless sufficient variability existed to allow secalogluten 
improvement through cross-breeding and selection. SDS-sedimentation height of triticale 
(35.5 mm) and mixing time (2.7 mins) was equivalent to soft wheat but significantly less than 
hard wheat.  However flour protein content was 16% less in triticale compared to wheat, 
despite similar grain protein contents, suggesting triticale stores a lower proportion of grain 
protein in the endosperm. The confounding factor of protein content must be considered as 
part of an equitable analysis of gluten quality in cultivar breeding, in the interpretation of 
previous triticale research, and when comparing triticale to wheat. Improved glutenin 
properties will expand the utility of triticale in human food products and thus increase 
potential profitability. 
 
 
KEYWORDS: Triticosecale; rye; grain protein; dough rheology; glutenin; secaloglutenin 
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INTRODUCTION 
The utility of wheat (Triticum spp.) in food products is greatly influenced by the unique 
properties of grain storage proteins. Gluten is the primary storage protein of wheat grains and 
has a well-established influence on dough strength, elasticity, viscosity and cohesiveness.
1
 In 
particular; the high molecular weight (HMW) glutenins have a substantial influence on bread-
making quality, despite being less than 10% of total seed protein. For example, the HMW 
glutenin score alone accounted for 59% of baking strength index rank amongst 70 Canadian 
wheat cultivars.
2
 
Scientists and growers have long acknowledged the potential of the hybrid species triticale 
(Triticosecale X Wittmack) as a high yielding cereal grain for human consumption; however 
a lack of breeding and selection for storage protein quality remains a key stumbling block to 
its use in commercial baking processes. The hexaploid triticale genome (AABBRR) encodes 
3 sets of HMW storage protein subunits, the 75K γ-secalins of rye, plus other storage proteins 
of lower molecular weight
3
. Surveys of triticale glutenin and secalin alleles have been 
published from Eastern Europe and Russia,
4
 Portugal,
3
 Western Europe,
5,6
 Poland,
7
 the Czech 
Republic,
8
 Greece
9
 and France.
10
 Some pioneering studies were also conducted on germplasm 
from the International Maize and Wheat Improvement Centre (CIMMYT) in Mexico
11
 and 
North America.
4
 These surveys highlighted the complexity of glutenin allele identification in 
triticale, particularly given the overlap between SDS-PAGE bands from its subgenomes, the 
relatively small diversity amongst triticale compared to wheat, and the presence of alleles 
unique to triticale.
7
 However; few studies to date have attempted to link the expression of 
individual triticale storage proteins with dough properties. 
The proteinaceous gluten and secalin network of triticale is generally weak and incohesive, 
with strength between that of its progenitor species durum wheat (Triticum durum, AABB 
genome) and cereal rye (Secale cereale, RR genome).
12
 Due to the confounding influence of 
high α-amylase activity on end-product assessment, the gluten properties of triticale lines are 
more effectively deduced from tests such as SDS-sedimentation volume and mixing 
parameters as opposed to loaf characteristics. Triticale has lower SDS-sedimentation volume 
than hard wheat and poorer mixing properties on average, however variation has been 
reported and occasionally a genotype will arise with comparable properties to bread wheat.
13
  
The aim of this research is to assess the allelic diversity and gluten strength of modern 
triticale cultivars, with particular focus on the differing nature of protein content and gluten 
strength interactions between wheat and triticale. An understanding of gluten strength (and its 
limitations) in specific triticale cultivars will improve its usefulness to the food industry and 
allow breeders to select for improved protein properties. The term ‘secaloglutenin’ is used 
here to collectively refer to the polymeric storage proteins of triticale, namely HMW glutenin 
from the 1A and 1B chromosomes, HMW secalin from the 1R chromosome, LMW glutenin 
from the 1A and 1B chromosomes, and 75k γ-secalin from the 2R chromosome. Thus 
‘secalogluten’ refers to the hydrated network of secaloglutenin protein including any 
incorporated monomeric units.
14
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MATERIALS AND METHODS 
 
Germplasm. The HMW glutenin and secalin composition was evaluated in 17 Triticosecale 
genotypes (Berkshire, Bogong, Canobolas, Chopper, Crackerjack, D12/Tatu, DH265, 
Endeavour, Goanna, Hawkeye, Jaywick, Rufus, Tobruk, Tuckerbox, Vicuna, Yukuri, Yowie) 
from a diverse set of breeding programs and covering all triticale cultivars recommended for 
growing in Australia, plus two breeding lines (Table 1). Pure seed of Berkshire, Chopper, 
Crackerjack, D12/Tatu, DH265, Endeavour, Tobruk, Tuckerbox and Vicuna were sourced 
from the University of Sydney, NSW, Australia; Bogong and Canobolas were sourced from 
Robin Jessop at the University of New England, NSW, Australia; Goanna, Rufus and Yowie 
were sourced from KV Cooper & MG Elleway, SA, Australia; and Yukuri was sourced from 
Seed Distributors, NSW, Australia. 
 
SDS-PAGE. Visualisation of glutenin subunits was performed using SDS-PAGE. The non-
germ end of three grains were crushed with a pair of pliers and placed in 1.5 mL Eppendorf 
tubes. Non-secaloglutenin proteins were removed by adding 200 μL of 50% (v/v) propan-1-
ol, vortexing then incubating at 65
o
C in a water bath for 30 min, with vortexing 
approximately every 7 minutes. Tubes were then centrifuged at 5000 rpm for 10 min and 
supernatant was discarded. This process was repeated using only 5 min incubation time, 
repeated using distilled water and 5 min incubation, then samples were oven dried at 37
o
C for 
40 min to remove remaining liquid. 
Extraction of secaloglutenins proceeded with vortexing and incubation of the pellet for 5.5 
min at 95
oC in 150 μL of Glutenin sample buffer (12.5% 0.5 M tris-HCl at pH 6.8, 25% 
glycerol, 2% SDS (w/v), 0.001% bromophenol blue (w/v) and 2% mercaptoethanol). Samples 
were then centrifuged at 14000 rpm for 2.5 min. 
Extracted glutenins were fractionated in a vertical CBS-Scientific Dual Adjustable Mega-Gel 
kit (CBS-Scientific, CA, USA). The resolving gel contained 8% Acr/Bis, 24% 1.5 M tris-HCl 
at pH 8.8, 0.1% SDS, 0.12% TEMED and 0.06% APS. The stacking gel contained 4% 
Acr/Bis, 25% 0.5 M Tris-HCl at pH 6.8, 0.1% SDS, 0.3% TEMED and 0.15% APS. Samples 
of 8 μL were resolved at 40 V overnight followed by 70 V for the final 4 hours in electrode 
running buffer (0.3% tris (w/v); 1.44% glycine (v/v) and 0.1% SDS (w/v)). 
Gels were rinsed in water then stained in Coomassie blue solution (0.05% Coomassie blue G-
250, 10% (w/v) phosphoric acid; 5% aluminium sulphate and 20% methanol) for 
approximately 60 min with gentle agitation then destained in water for 33 hours aided by 
paper towelling and permanently stored between single layers of clear cellophane. Allele 
designations were defined by comparison to nine cultivars of Triticum aestivum (Bowie, 
Chinese Spring, Ellison, Federation, Gabo, QALBis, Sunco, Veery, Ventura), one cultivar of 
Triticum durum (Bellaroi), and three triticale checks (Sirius, Titan, Presto 1R.1D5+10) for 
which the allele designations have been previously descibed.
5,15,16
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Field trials. A subset of six triticale (Berkshire, Endeavour, Hawkeye, Jaywick, Tobruk and 
Yukuri) and five wheat lines (hard wheats Ellison, Sunco and Ventura, soft wheat QALBis 
and durum wheat Bellaroi) were grown in duplicate plots under a completely randomised 
block design at Greendale, NSW in 2009 (GR09) and Narrabri, NSW in 2010 (NARR10). 
Sowing density for all lines was 60 kg/ha; plots were 3.75 m
2
 at NARR10 and 4.68 m
2
 at 
GR09. GR09 received 100 kg/ha of Starter 15 base dressing, 150 kg/ha Urea at approximately 
6 weeks followed by 2 L/ha Supa Trace® then topdressing of Nitrophoska
®
 at 12 weeks. 
NARR10 received Granulock
®
 at sowing and 150 kg/ha Urea at first irrigation. Both trials 
received limited irrigation. 
 
Milling and protein content. Subsamples of approximately 50 g were ground on a Newport 
Scientific 600 Hammer Mill with 0.5 mm screen (Perten, Warriwood, NSW, Australia). 
Subsamples of 50g were also milled to white flour on a Quadrumat® Junior Mill (Brabender, 
Duisburg, Germany). Hard wheats were tempered to 15% moisture content and soft wheat 
(QALBis) plus all triticales to 13%. Flour moisture and protein content were determined by 
NIR on an Inframatic 8100 PerCon (Perten, Hägersten, Sweden) which had been calibrated 
using a hard-grained wheat, and is defined as proportion of moisture/protein of the flour. 
Wholegrain protein content and moisture content were assessed by near-infrared 
transmittance (NIT) on an Infratec 1241 Grain Analyzer (FOSS, Hillerød, Denmark) using 
triticale calibration TR260180 and wheat calibration WH002010. The proportion of grain 
protein which was retained in the main final commercial product (white flour) after the 
milling process (Pretained) is defined as: 
Pretained = 100 – [100 x (mtotal – mflour) / mtotal ] 
where mtotal is mass of protein in 100g of grain, mflour is mass of protein within the flour 
portion of 100g of grain, and Pretained is expressed as a percentage. Moisture content of grain 
and flour was standardized before calculation. Mass of protein within what would become the 
flour proportion of the total grain (mflour) is expressed within the context of total grain weight 
from which it was sourced rather than as straight flour protein content to standardized the 
variable and hence allow determination of protein loss when milling grain to flour. The 
variable is defined as: 
mflour = fy  x  mfp 
where fy is flour yield and mfp is the mass of protein in 100g of flour. The difference between 
mflour and total grain protein quantifies the amount removed as bran or pollard during milling. 
Thus mfp is not an exact measure of the mass of protein within the grain endosperm, but 
rather the mass within flour which was able to be separated from bran during the milling 
process. 
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SDS-sedimentation test. The SDS-sedimentation height was assessed using a down-scaled 
version of AACC method 56-70.
17
 Samples of 0.75 g wholemeal flour were added to 3 mL of 
0.001% Bromophenol Blue solution (w/v) in 15 mL plastic tubes with screw-top lids, 
vortexed for 3 seconds, rested and vortexed again before adding 9 mL working solution 
(3.02% SDS w/v and 0.23% lactic acid w/v). Tubes were inverted 10 times, rested for 2 min 
then again inverted 10 times. Sediment height was read after 30 min and adjusted according 
to the height of the standard in each batch. 
 
Mixographs. Mixing parameters from two replicates of each field plot were determined on a 
mixograph using a 10 g mixing bowl and 7 min evaluation time (National Manufacturing Co., 
Lincoln, Nebraska, USA). Immediately prior to mixing, 6 mL deionized water was added to 
10 g flour. Graphs were analyzed using Mixsmart for Windows Version 1.0.404 and 
interpreted according to defined mixograph parameters.
18
 In brief, these parameters are based 
on an arbitrary mixograph height scale from 0 to 100 (displayed as a percentage), plus peak 
time (displayed in minutes). Parameters of interest were time of peak (MPT), graph height at 
peak time (MPV), graph width at peak time (MPW), rate of dough breakdown (defined as the 
slope 1 min after peak time, RDB) and tail width at 6 min (MTW). 
 
Statistical analysis. Data were analyzed in Genstat v. 14 (VSN International, Hemel 
Hempstead, UK) with a 5% significance level. The influence of species and cultivar for all 
variates were analyzed using Residual Maximum Likelihood (REML), with fixed model 
terms defined as Species/Genotype and random model terms defined as Site/Block (or 
Site/Block/Replicate for SDS-sedimentation height). Grain protein (11% mb) and flour 
protein (11% mb) were analyzed on a natural log scale and SDS sedimentation on a square 
root scale with the distribution brought to a minimum of 1.
19
 Flour protein was tested as a 
covariate for mixing parameters, and both grain and flour protein contents were tested as 
covariates for SDS-sedimentation height. 
 
 
RESULTS AND DISCUSSION 
 
Glutenin classification. Despite sourcing cultivars from several breeding programs and 
including all cultivars recommended for sowing at the time of the survey, the modern triticale 
cultivars in this investigation displayed relatively little diversity in HMW glutenin profiles. 
This reflects the narrow source of background material: the majority are a cross between the 
cultivar Speedee or a sibling line with a CIMMYT parent, or a direct selection of CIMMYT 
origin (Table 1). 
66 
Only two alleles of Glu-A1 were identified: Glu-A1a and Glu-A1c were present in 41.2% and 
58.8% of the cultivars, respectively (Table 2). Six alleles were observed at the Glu-B1 locus, 
with Glu-B1f (13+16) found in 52% of lines (9 cultivars). Glu-B1f is common in triticale.
5,11
 
Allele Glu-B1p (23+18) is usually reported as Glu-B1IV in triticale owing to its original 
designation in durum wheat and relatively recent classification in bread wheat.
3,16
  
Secalins encoded by Glu-R1c (6r+13r) were identified in 75% of lines surveyed (Table 2). 
Glu-R1c is the most common Glu-R1 allele in triticale internationally, being found in 65.7% 
of European lines, 62.7% of French lines and 71.4% of Portuguese lines.
3,5,10
 An undefined 
set of rye HMW secalins was observed in Tobruk and Yukuri in the upper portion of the gel 
(Figure 1). Also similar to European results, allele Gli-R2c (t1) was the most common of the 
75K γ-secalins. 
 
 
 
 
  
Figure 1. SDS-PAGE of selected Australian triticale cultivars with wheat standards (ws) and 
a triticale standard (ts): Lane A. Chinese Spring (ws); B. Jaywick; C. Hawkeye; D. Berkshire; 
E. Federation (ws); F. Bowie (ws); G. Titan (ts); H. Yukuri; I. Tobruk; J. Endeavour; K. 
Crackerjack; L. Sunco (ws). Glu-B1 and GluR1 subunits are noted, including the unidentified 
Glu-R1 allele (Lane H). 
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Some difficulty has been encountered with the identification and classification of glutenin 
subunits in triticale using SDS-PAGE. Currently the predominant nomenclature system for 
glutenin alleles in triticale follows that of wheat, however the mobility of several secalins is 
identical to that of glutenins, particularly in the HMW range.
7
 The overlap of bands on SDS-
PAGE (as observed here) has lead to conflicting glutenin characterisation of the same cultivar 
e.g. Brzezinski and Lukaszewski
4
 with Salmanowicz and Dylewicz.
7
 Standards which are 
unique to triticale must be developed so continued comparisons with wheat do not lead to 
misidentification of key alleles, and to facilitate the development of linked DNA markers for 
manipulation of secaloglutenins in triticale improvement. 
Furthermore, triticale cultivars are not necessarily uniform in their glutenin composition: 
heterogeneity in up to 41% of 139 cultivars has been reported.
4
 Heterogeneity within cultivars 
is likely due to a combination of a lack of screening for glutenin alleles during the breeding 
process, and a higher rate of allogamy in triticale compared to wheat.
5
 No heterogeneity was 
observed amongst triticales evaluated in this study. 
Due to the small range in HMW glutenin diversity relative to the confounding influence of 
gliadins, LMW glutenins and unknown effect of the secalins, no attempt was made to 
extrapolate the influence of individual HMW glutenin/secalin alleles on dough properties. 
The importance of gliadins and LMW (low molecular weight) glutenins in dough properties is 
well established, both in durum
20
 and bread wheat,
21
 however practically no research has been 
published on the influence of individual secalin subunits in either rye or triticale. 
Furthermore, mixed polymers and oligomers are formed between secalins and glutenins: even 
the 40k-secalins of rye, which are usually monomeric, may be incorporated into polymeric 
gluten when expressed in wheat.
22
 The HMW glutenins form an elastomeric network which 
acts as a ‘backbone’ for the interactions of other proteins in addition to conferring strength 
and elasticity to dough.
1
 Hence the overall properties of the secalogluten network were 
investigated in a subset of triticale cultivars. 
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Table 1. Seed Sources, Pedigrees and Glutenin/Secalin Allele Identification of Triticale Cultivars and Breeding Lines. 
 
Cultivar Breeding Agency
a 
Pedigree 
Glutenin/Secalin alleles 
Glu-A1 Glu-B1 
Glu-R1 
(Sec3) 
Glu-D1 
Gli-R2 
(Sec1) 
Berkshire USYD, 2009 Yogui_1/Tapir//2*Fara_1/3/Erizo_11/ 
Yogui_3/5/Asad*2/Jun//Anoas_5/3/ 
Sonni_6/4/Asad/ Elk54//Erizo_10) 
a a c - a 
Bogong UNE, 2008 H127 c f c - a 
Canobolas UNE, 2008 H 418 c f c - a 
Chopper AGT, 2010 TX93-19-2D-3
b
/Treat c p c - c 
Crackerjack Heritage Seeds, 2003 Juanillo 159/4372 a f c - c 
D12/Tatu Norman Darvey, USYD D12/Tatú c f c - a 
DH265 Adam Lukaszewski, UC 
Riverside, USA 
Unknown/Valdy c av - d c 
Endeavour  USYD, 2007 80469(II76-24)/II79-39E  a av c - a 
69 
Goanna KC&ME, 2011 Treat/Tickit? c f c - c 
Hawkeye AGT, 2007 POPP1_2/TX93-19-2
b
  c f g - c 
Jaywick AGT, 2007 BEAGLEB/2*RHINO_3//TX93-19-2
b
 a f g - c 
Rufus UNE, 2004 1181-196-12/Tahara-3  c p c - c 
Tobruk USYD, 2007 CHD982/3/ANSO/ARDI_3//ERIZO_7 a c ? - c 
Tuckerbox KC&ME, 2010 Abacus/Tahara? c f c - c 
Vicuna CIMMYT, 1992 IGUANA_4/CIVET  a b c - a 
Yowie KC&ME, 2010 Speedee c p c - c 
Yukuri UNE, 2004 YOGUI/CMH79A.209 a f ? - a 
        
a  
Abbreviations: AGT = Australian Grain Technologies, SA, Australia; CIMMYT = International Maize and Wheat Improvement Center, 
Mexico; KC&ME = KV Cooper & MG Elleway, Farmers & Seedgrowers, SA, Australia; USYD = University of Sydney, NSW, Australia; 
UNE = University of New England, NSW, Australia. 
b  
TX93-19-2 is a sibling of Tickit and Speedee. 
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Table 2. Distribution of HMW glutenin alleles and 75K γ-secalins amongst tested triticale 
lines. 
Allele 
Number of 
cultivars 
Proportion 
of total (%) 
GluA1     
a =  1 7 41.2 
c =  null 10 58.8 
   
GluB1 
  
a =  7 1 5.9 
b =  7+8 1 5.9 
c =  7+9 1 5.9 
f =  13+16 9 52.9 
p =  23+18 3 17.6 
av =  7+18 2 11.8 
  
GluR1 (Sec3)
a
 
 
c =  6
 r
 +13
r
 12 75.0 
g =  5.8
 r
 2 12.5 
?
 r
 2 12.5 
  
GliR2 (Sec2) 
 
a =  d1 7 41.2 
c =  t1 10 58.8 
a
 Translocation line DH265 was not included amongst total for Glu-R1 
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Protein content and SDS-sedimentation height. Grain protein content greatly varied between 
environments and was on average 2.8% greater for triticale and 3.5% greater for wheat at GR09 
(Table 3). No significant difference in grain protein content was detected between species 
(P=0.704), however triticale flour protein content (directly proportional to gluten/secalogluten 
content)
23
 was significantly less than wheat (P<0.001).  
Furthermore, a significantly greater proportion of triticale protein was removed by the milling 
process compared to wheat (P<0.001), most of which would have been in the outer aleurone 
layer and pericarp. After the milling process, triticale retained only 43.95% of its original grain 
protein content in the flour, whereas 52.55% of the protein was retained in wheat flour. Previous 
research has confirmed triticale stores a lower proportion of grain protein in flour/gluten 
compared to wheat.
11, 23,24,25
 This suggests triticale has a thicker seed coat. Note however 
variability existed between cultivars e.g. Tobruk retained significantly more protein following 
the milling process than all other triticale lines (Table 3). The environment did not have a notable 
effect on the proportion of protein retained following the milling process in either species, 
despite the higher average protein contents at GR09. 
Storage of proportionately less protein in triticale flour compared to wheat has significant 
implications for both research and industry. Firstly, research which reports triticale secalogluten 
strength based on wholegrain protein content as opposed to flour protein content should be 
interpreted with caution, particularly when comparing triticale to wheat. Triticale lines with 
similar wholegrain protein content to wheat lines are likely to have less flour protein content, and 
hence the dough strengths cannot be equitably compared. Secondly, because the food industry 
requires a certain flour protein content to produce the variety of end products which consumers 
demand, millers should be aware that the appropriate content of wholegrain protein when 
purchasing a batch of grain will differ between triticale and wheat. 
Significant differences in SDS-sedimentation height were detected between triticale cultivars 
(P<0.001); Tobruk and Berkshire produced notably low SDS-sedimentation heights. SDS-
sedimentation results of all triticale cultivars were significantly inferior to bread wheat (P<0.001, 
Table 3), a result consistent with previous studies.
12
 QALBis soft wheat produced significantly 
higher SDS-sedimentation height (43.2 mm) than triticale on average (35.5 mm) however 
significantly lower height than hard wheat cultivars (70.0 mm). This is reflective of its weak 
gluten and one of the reasons soft wheat is used for cakes and cookies. Triticale has been found 
to be suitable for products traditionally made from soft wheat.
26,27
 However to obtain satisfactory 
flat and loaf breads, most research suggests triticale must be blended with hard wheat.
25,28,29
 
The flour protein contents (indicative of gluten/secalogluten) of the samples varied between 
sites, species and cultivars. Flour protein content was a highly significant predictor of sediment 
height (P<0.001; Figure 2). This trend was more substantial in wheat than triticale, reflecting 
decades of selection for combinations of glutenin alleles associated with high loaf volume in 
wheat improvement, in contrast to the narrow diversity and lack of selection pressure for HMW 
glutenin alleles in triticale. However the trend was still apparent in triticale, where sediment 
height increased 5.2% for every 1% increase in protein content (protein contents ranging from 
6.5% to 15.8%). In another study of four triticale cultivars grown in four year-site environments 
72 
 
a significant correlation between SDS-sedimentation volume and protein content was observed.
30
 
Recalculation of the results revealed a 15% increase in SDS-sedimentation volume for every 1% 
increase in protein content (protein content ranged from 10.9% to 17%). Similarly, recalculations 
from another study
29
 also revealed a 15% increase (protein range from 5.0% to 10.5%). The 
significance of flour protein content on dough properties in triticale has also been reported 
previously.
23,24 
 
 
Figure 2. The relationship between SDS-sedimentation height and flour protein content in bread 
wheat samples (squares) and triticale samples (circles). Lines represent best-fit linear trendlines. 
 
 
The influence of flour protein content on SDS-sedimentation results illustrates the importance of 
comparing wheat and triticale samples with similar flour protein content. Several previous 
studies have drawn conclusions as to the strength of the triticale secalogluten network based on 
samples of widely different flour protein contents/gluten contents compared to wheat,
25,29,30
 
which is an inequitable comparison. It is particularly important to standardise the quantity of 
flour protein when attempting to ascertain the influence of the secalins on the strength of the 
secalogluten network. A set of four reconstituted triticale flours with identical gluten contents to 
two wheat standards found the triticale gluten had a comparable stretching value to wheat 
gluten.
24
 Two of the four reconstituted triticale flours produced loaves of the same volume as the 
wheat standards. Extensibility has also been found to be highly correlated to both flour protein 
content and polymeric protein content in triticale (r= 0.96 and 0.97, respectively).
29
 These results 
suggest that the secalins, which have been suggested to have a negative influence on dough 
strength, can still contribute to the strength of a secalogluten network. 
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Mixing parameters. Wheat mixing parameters were clearly superior to the mean of triticale 
flours evaluated from both sites (P=0.01 or less for all parameters, Table 3). Triticale cultivars 
Berkshire, Tobruk, Yukuri and to a lesser extent Endeavour and Jaywick, plus soft wheat cultivar 
QALBis, all exhibited a dramatic loss of dough strength and elasticity over time (Figure 3D). In 
several samples of low protein content the dough collapsed completely and was wrapped around 
the sides of the mixing bowl. The influence of flour protein content was again apparent: flour 
protein content explained 62.5% of the variability in MPV in wheat samples and 84.1% in 
triticale samples. Several triticale lines produced the thin mixograph tails characteristic of high 
α-amylase activity (Figure 3D). 
All triticales exhibited a short mixing time and were in between (and not significantly different 
to) QALBis and Ventura, with the exception of Tobruk and Yukuri, which were significantly 
shorter (Table 3). The mixing time of Hawkeye was also very short, however dough strength was 
maintained after reaching an early peak (Figure 3C). Short mixing times in triticale have been 
reported previously.
23,29
 
Nevertheless, some triticale cultivars displayed certain mixing parameters similar to the wheat 
checks. For example, no statistical difference was detected in MPW between most individual 
triticale and wheat cultivars, and Berkshire, Endeavour, Hawkeye and Jaywick all had 
significantly later MPT than soft wheat QALBis. Other studies have also found certain triticale 
lines demonstrate similar dough strength to wheat standards despite inferior mixograph dough 
strength in triticale overall.
29,31
 Hawkeye did not reach the peak height of hard wheat; however it 
maintained dough strength during mixing and had a wide mixograph profile (Figure 3C), and 
was the most suitable for end products requiring strong dough e.g. bread. Note that Hawkeye and 
Jaywick share similar pedigrees, polymeric storage protein profiles and flour protein contents 
however the SDS-sedimentation and mixograph results reveal different secalogluten strengths. 
This may be due to allelic differences in non-secaloglutenin storage proteins, or low α-amylase 
activity in Hawkeye (although this appears unlikely
32
). 
It is difficult to differentiate the influence on species from the influence of flour protein content 
when considering the inferior mixing properties of triticale compared to wheat. Flour protein 
content was a significant covariate in MPV (P<0.001), RDB (P<0.001) and MTW (P=0.015). 
This illustrates the importance of G x E interactions and the role of agronomic practices in the 
production of milling-quality triticale, which has been largely overlooked in industry. Triticale 
often has lower protein content than bread wheat when grown under identical environmental 
conditions; this is due to a combination of higher yield and low (if any) selection pressure for 
high flour protein content during the breeding process. The effect of low flour protein was of 
particular significance for NARR10 results and was very apparent in both the SDS-sedimentation 
height and the mixographs. Agronomic interventions such as appropriate timing and rate of 
nitrogenous fertiliser application can improve grain storage protein accumulation.
33
 Increasing 
the total gluten in triticale flour should be considered an important breeding aim in addition to 
optimizing the glutenin allele composition (indeed, the two are related). 
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Figure 3. Mixographs of typical wheat and triticale lines from JP09. (A) Sunco bread wheat. (B) 
QALBis soft wheat. (C) Hawkeye triticale. (D) Tobruk triticale. 
 
 
The mixograph results imply that triticale dough should be treated differently to wheat in 
mechanised commercial systems due to its shorter mixing time and lower water absorption. 
Nevertheless, the variation between triticale cultivars evaluated in this study suggests that dough 
properties can be significantly improved through targeted crossing and selection and appropriate 
agronomic practices, potentially to the level of bread wheat. 
In summary, narrow diversity in HMW subunit expression was observed in the examined 
triticale cultivars; however there were still significant (statistical and commercial) differences in 
mixing parameters and SDS-sedimentation values. It is essential for both research and 
commercial purposes that flour protein content of triticale be above 10% to allow the formation 
of an acceptable secalogluten network, and that wheat and triticale samples of similar flour (not 
grain) protein contents are used to assess gluten characteristics. The results of this research 
suggested that modern triticale is of appropriate gluten quality for use in cookies, cakes and other 
products traditionally made from low-protein wheat. 
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ABRIEVIATIONS AND NOMENCLATURE 
 
GR09, Greendale 2009 growing environment; NARR10, Narrabri 2010 growing environment; 
MPT, time of mixograph peak in minutes; MPV, mixograph height at peak time; MPW, 
mixograph width at peak time; MTW, tail width at 6 min; NIR, near-infrared reflectance; NIT, 
near-infrared transmittance; RDB, rate of dough breakdown (defined as the slope 1 min after 
peak time); REML, Residual Maximum Likelihood 
 
Secaloglutenin, polymeric storage proteins of triticale, namely HMW glutenin from the 1A and 
1B chromosomes, HMW secalin from the 1R chromosome, LMW glutenin from the 1A and 1B 
chromosomes, and 75k γ-secalin from the 2R chromosome.  
Secalogluten, the hydrated network of secaloglutenin protein including any incorporated 
monomeric units. 
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Table 3. Protein contents, proportion of protein removed by milling, SDS-sedimentation height and mixing characteristics for a subset of 
triticale lines compared to wheat standards grown in two environments. 
 
Site Species Genotype 
Grain 
protein 
(11%mb) 
Flour 
protein 
(14%mb) 
mflour 
(g)
a
 
Pretained 
(%)
b
 
SDS-
sedimentation 
height (mm) 
MPT 
(mins) 
MPV MPW RDB MTW 
GR09 Triticale Berkshire 14.1 13.8 6.1 56.8 36.1 2.4 75.5 23.3 -10.1 5.5 
  Endeavour 14.1 10.9 6.3 55.1 40.6 3.3 61.2 17.6 -5.4 5.3 
  Hawkeye 13.8 10.3 5.8 58.0 43.2 3.1 59.8 20.0 -1.5 11.2 
  Jaywick 13.6 10.4 6.1 54.7 39.2 2.9 63.4 24.3 -5.8 6.8 
  Tobruk 13.0 9.9 6.3 51.0 34.3 1.7 58.4 18.1 -6.4 5.5 
  Yukuri 13.0 10.0 5.9 54.6 36.6 1.7 61.3 20.0 -10.8 3.6 
 Wheat Bellaroi 15.8 16.6 7.0 54.3 58.7 4.8 79.2 30.6 -1.9 28.0 
  Ellison 14.3 13.4 8.0 42.8 79.1 4.3 74.6 26.2 -1.6 17.6 
  Qalbis 12.8 10.6 6.2 50.9 51.8 2.6 76.4 22.5 -6.5 6.0 
  Sunco 13.1 12.4 8.0 38.3 80.3 4.5 78.7 23.0 -4.2 13.2 
  Ventura 13.5 13.0 8.4 40.8 79.2 3.9 83.2 25.7 -2.6 14.2 
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Site Species Genotype 
Grain 
protein 
(11%mb) 
Flour 
protein 
(14%mb) 
mflour 
(g)
a
 
Pretained 
(%)
b
 
SDS-
sedimentation 
height (mm) 
MPT 
(mins) 
MPV MPW RDB MTW 
NARR10 Triticale Berkshire 10.8 9.2 4.1 61.7 29.6 2.5 56.5 26.6 -3.0 8.7 
  Endeavour 11.8 8.5 4.8 59.0 34.5 3.4 54.4 12.5 -4.0 5.1 
  Hawkeye 10.5 7.2 4.1 60.7 34.5 3.5 51.3 30.2 -3.5 14.9 
  Jaywick 10.5 8.0 4.7 55.3 33.5 4.0 51.0 14.9 -3.4 9.0 
  Tobruk 9.8 7.4 4.8 50.1 31.7 1.5 44.6 14.9 -2.4 5.3 
  Yukuri 11.3 8.8 5.1 55.4 32.7 1.9 58.7 19.0 -11.3 3.7 
 Wheat Bellaroi 11.2 11.0 4.9 55.2 47.8 6.0 63.1 31.4 -0.4 28.3 
  Ellison 10.3 9.2 5.6 44.1 63.8 6.1 58.0 19.7 -2.4 20.3 
  Qalbis 9.0 7.3 4.5 50.2 34.7 2.9 54.9 13.1 -4.9 6.4 
  Sunco 11.0 9.9 6.2 43.1 64.7 4.0 70.1 26.4 0.4 18.1 
  Ventura 10.9 10.0 5.9 44.8 58.1 3.6 71.0 25.4 -2.3 11.8 
 
a
  mflour is the mass of protein (in grams) within the flour portion of 100g of grain. 
b
  Pretained is the proportion (expressed as a percentage) of the original protein content which was retained in white flour after the milling process.
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594 CEREAL CHEMISTRY 
Characteristics of Modern Triticale Quality: The Relationship Between 
Carbohydrate Properties, α-Amylase Activity, and Falling Number 
Angela L. Dennett,1,2 Meredith A. Wilkes,3 and Richard M. Trethowan1 
 ABSTRACT Cereal Chem. 90(6):594–600 
Triticale is a high-yielding cereal crop with potential to increase grain 
production for human consumption over the coming decades. Minimal 
targeted selection has been conducted to produce cultivars with α-amylase, 
amylose, and nonstarch polysaccharide (NSP) content appropriate for a 
milling market. Nevertheless, genotypic variability exists. Standard quality 
screening methods used for wheat, including pasting properties, falling 
number, and quantification of α-amylase activity were employed to assess 
the environmental and genotypic variability among modern triticale culti-
vars and to investigate the suitability of these tests for triticale. Samples of 
11 triticale lines from four environments were compared with five wheat 
cultivars bred for various end uses. Triticale exhibited a greater range than 
wheat for most tested variables, and the ranges usually overlapped. Triti-
cale exhibited higher NSP content, generally equivalent pasting properties, 
higher α-amylase activity, and lower falling number on average compared 
with wheat checks. However, low falling number was not indicative of 
high α-amylase activity; the relationship with NSP level and other factors 
is discussed, and caution is recommended for interpretation of previous 
research. Three cultivars with equivalent α-amylase activity to wheat and 
two with partially waxy starch were identified. These findings have great 
significance for research and the emerging triticale milling market. 
 
Triticale (Triticosecale × Wittmack) is a high-yielding cross be-
tween tetraploid wheat and cereal rye. The market value of triti-
cale grain is typically similar to or just below the price of feed 
wheat, owing to substandard quality, which reduces its usefulness 
for milling. A recent review of triticale production and quality is 
presented in McGoverin et al (2011). 
The endosperm of cereal grains is predominantly composed of 
carbohydrates. The main form is starch, which is a mixture of 
amylose and amylopectin arranged in spherical or lenticular-
shaped granules bound by proteins and lipids (Shelton and Lee 
2000). Although the characteristics of triticale starch are slightly 
different than wheat, most properties fall within the range of the 
progenitor species. On average, triticale has a greater proportion 
of large A granules, different starch crystallinity, and smaller 
range in amylose contents compared with wheat (Ao and Jane 
2007; Dennett et al 2009). 
Several nonstarch polysaccharides (NSP) have a considerable 
influence on flour properties, particularly arabinoxylan (also 
known as pentosans), β-glucan, fructan, and lignin (a hydropho-
bic polymer closely associated with NSP) (Shelton and Lee 
2000). The presence of arabinoxylan is of particular interest in 
triticale because of its role in gas retention in rye bread, nutrient 
absorption, viscosity, and grain hardness (Bettge and Morris 
2000; Shelton and Lee 2000). Arabinoxylan typically makes up 
about 40% of the dietary fiber of triticale and is higher in triticale 
than wheat, although much lower than rye (Rahka et al 2011). 
One important characteristic that differentiates triticale from 
both progenitor species is high α-amylase activity. Higher α-amy-
lase activity in triticale was identified early in its development 
(Lorenz and Welsh 1976) and is still considered the greatest hin-
drance to the utilization of triticale for processed flour products. 
α-Amylase cleaves the α(1→4)-glycosidic linkages in starch, and 
its activity during both grain maturation and flour processing 
degrades the sensorial quality and shelf life of the end product 
(Weiport et al 1986). Triticale has a reputation for high α-amylase 
activity in the absence of sprouting caused by late maturity 
α-amylase (LMA). The problem of LMA has diminished in wheat 
through decades of screening using controlled environmental 
conditions, the falling number test, enzyme-linked immuno-
sorbent assay, and more recently, molecular markers (Mares and 
Oettler 1991; Mares and Mrva 2008). 
Direct quantification of α-amylase activity in cereals usually 
involves spectrophotometric measurement of enzyme action with 
a substrate specific for α-amylase. However, in industry the activ-
ity is often assessed by the falling number test, which estimates 
rate of starch breakdown via the viscosity of a slurry containing 
pregelatinized starch and heat-denatured proteins and pentosans 
(Mares and Mrva 2008). In cereal grains including triticale, wheat, 
and rye, falling number is negatively correlated with α-amylase 
activity (Wehmann et al 1991; Oettler 2002). Triticale typically 
exhibits falling numbers less than half that of wheat in the absence 
of visible sprouting, although variability exists (Serna-Saldivar et 
al 2004; Tohver et al 2005; Erekul and Köhn 2006). Triticale 
cultivars exhibiting falling numbers similar to and higher than 
wheat have been observed (Tohver et al 2005; Makarska et al 
2008). It is assumed that falling number in triticale is correlated to 
α-amylase activity, as in wheat; however, this supposition has not 
been investigated in modern triticale cultivars, which have lower 
LMA activity and less susceptibility to preharvest sprouting than 
early cultivars. 
The aim of this survey is to characterize some of the carbohy-
drate properties and α-amylase activity of modern triticale culti-
vars and to evaluate the role of the falling number test in triticale. 
This study is part of a larger project targeting the genetic improve-
ment of triticale breadmaking quality (Dennett et al 2013). 
MATERIALS AND METHODS 
Germplasm 
Triticale genotypes Berkshire, D12/Tatu, Endeavour, Hawkeye, 
Jaywick, Tobruk, Vicuna, and Yukuri, durum wheat Bellaroi, 
hard-grained bread wheats Ellison, Sunco, and Ventura, and the 
waxy soft wheat QALBis were sourced from the Plant Breeding 
Institute, University of Sydney. 
Lines were grown in duplicate plots under a completely ran-
domized block design at Greendale, New South Wales, in 2009 
(JP09) and Cowra and Narrabri, New South Wales, in 2010 
(COW10 and NARR10, respectively). Sowing density for all lines 
was 60 kg/ha; plots were 3.75 m2 at Narrabri, 4.68 m2 at 
Greendale, and 13.125 m2 at Cowra. Greendale received 100 
kg/ha of Starter 15 base dressing, 150 kg/ha of urea at approxi-
mately six weeks, followed by 2 L/ha of Supa Trace fertilizer, and 
then topdressing of Nitrophoska fertilizer at 12 weeks. Narrabri 
1 Plant Breeding Institute, University of Sydney, 12656 Newell Highway, Narrabri, 
NSW, 2390, Australia. 
2 Corresponding author. Phone: +61 2 6799 2200. Fax: +61 2 6799 2239. E-mail: 
angela.dennett@sydney.edu.au 
3 Faculty of Agriculture and Environment, Level 4 Biomedical Building, 1 Central
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received Granulock fertilizer at sowing and 150 kg/ha of urea at 
first irrigation; Cowra received 80 kg/ha of Granulock fertilizer at 
sowing only. JP09 and NARR10 received limited irrigation; 
COW10 was grown dryland and received some rainfall shortly 
before harvest, which induced a slight sprouting of grain. Degree 
of sprouting was estimated on a random sample of at least 25 
grains, with sprouting defined as the breaking of the pericarp. 
Bulk samples of triticale cultivars Goanna, Rufus, and Yowie 
grown at Sherlock, South Australia, in 2011 (SA11) were pro-
vided by K. V. Cooper and M. G. Elleway. JP09, NARR10, and 
SA11 are referred to as “dry-harvested sites” and COW10 as 
“rain-affected.” 
Wholegrain Tests 
Chemical attributes of grain were assessed by near-infrared 
transmission (NIT) on a FOSS Infratec 1241 grain analyzer. 
Triticale and wheat calibrations developed by FOSS (Hillerød, 
Denmark) were used to obtain NIT predictions for moisture and 
protein contents (corrected to 11% moisture). A mixed-grain 
calibration developed by AusScan (Pork CRC Ltd., Willaston, 
Australia) was used to predict neutral detergent fiber (NDF), 
acid detergent fiber (ADF), crude fiber, insoluble arabinoxylans, 
insoluble NSP, and starch content, all on a percent dry matter 
basis. The calibration equations for NDF, ADF, and crude fiber 
were based on standard reference methods RACI method 03-02 
(RACI 1952), AOAC method 4.6.03, and AOAC method 4.6.01, 
respectively (AOAC 1995). The equations for insoluble arab-
inoxylans and insoluble NSP were based on the methods of 
Englyst and Hudson (1993). Starch content was based on results 
from Megazyme kit K-TSTA (Megazyme International Ireland, 
Bray, Ireland) following AACC International Approved Method 
76-13.01. Measurements from COW10 were not included in the 
statistical analysis of these traits because of the sprouting. A mini-
mum of 155 samples were used in the creation of the NIT calibra-
tions and included wheat, barley, triticale, sorghum, oats, maize, 
pulses, and rice. The R2 statistics for cross-validation of the model 
to wet chemistry results for crude fiber, ADF, NDF, total starch, 
insoluble NSP, and insoluble arabinoxylans were 0.91, 0.94, 0.67, 
0.88, 0.84, and 0.85, indicating high accuracy of the calibrations. 
The ratio of the NIT prediction to deviation during cross-valida-
tion ranged from 2.51 to 3.92, apart from NDF, which was 1.74, 
all of which are satisfactory for rapid assessment of grain chemi-
cal components in industry. It should be noted that the Infratec 
1241 grain analyzer covers a narrow spectral range (850–1,050 
nm), and the accuracy of the calibrations with an RPD value (ratio 
of standard deviation in the sample population to standard error of 
cross-validation results) less than 2.0 is low relative to analyzers 
utilizing the full infrared spectrum (P. C. Flinn, personal commu-
nication). Hence, the absolute values for NDF should be consid-
ered with caution. 
Hardness was assessed in a single-kernel characterization sys-
tem (SKCS, Perten, Hägersten, Sweden) according to AACCI 
Approved Method 55-31.01. 
Lines were crudely tested for pure waxy starch by adding one 
drop of iodine solution (0.8 g/L of iodine and 8 g/L of potassium 
iodide in deionized water) to replicate subsamples of approxi-
mately 0.05 g of wholemeal flour. Color was compared with pure 
amylopectin standards (Sigma-Aldrich, Castle Hill, Australia), in 
which red/brown color indicated waxy starch and deep purple 
indicated the presence of the amylose–iodine complex. 
α-Amylase Activity and Falling Number 
Subsamples of approximately 50 g were ground on a Newport 
Scientific 600 hammer mill with a 0.8 mm screen (Newport Sci-
entific, Warriewood, Australia). α-Amylase activity was quanti-
fied spectrophotometrically with a Megazyme CERA-MPF kit, 
based on AACCI Approved Method 22-02.01. Duplicate enzyme 
extractions were performed on all ground samples on the same 
day, and 1 mL aliquots were removed immediately after centrifu-
gation of the extract and stored at –20°C until the enzyme assay. 
Extract activity was analyzed on the same day and expressed in 
Ceralpha Units (CU), defined as the amount of enzyme required 
to release 1 mol of p-nitrophenol (in the presence of excess quan-
tities of α-glucosidase) in 1 min at 40°C. 
Falling number was assessed in duplicate using a Perten 
FN1700 system according to AACCI Approved Method 56-81.03. 
Flour Pasting Properties 
Subsamples of 50 g from JP09, NARR10, and SA11 were 
milled to white flour on a Quadrumat Junior mill (Brabender, 
Duisburg, Germany). Hard-grained wheats were tempered to 15% 
moisture content and the soft wheat (QALBis) plus all triticales to 
13%. Flour moisture and protein contents were determined by 
NIR on a PerCon Inframatic 8100 instrument (Perten) that was 
calibrated using a hard-grained bread wheat. 
The pasting properties of milled flours were evaluated on a 
Newport Scientific Rapid Visco Analyzer (RVA) according to 
AACCI Approved Method 76-21.01, except that 10mM AgNO3 
was used in place of deionized water to inhibit α-amylase activity 
(Sharma et al 2002). Parameters of interest were peak time, peak 
viscosity (PV), hot paste viscosity (HPV), cool paste viscosity 
(CPV), breakdown (PV – HPV), and setback (CPV – HPV). 
Sprouted site COW10 was excluded from analysis. 
Statistical Analysis 
All data were analyzed by residual maximum likelihood with a 
5% level of significance in GenStat version 14 (VSN Interna-
tional, Hemel Hempstead, U.K.). RVA parameters were analyzed 
on a normal scale apart from setback and HPV, to which a square 
root transformation was applied. α-Amylase activity from JP09 
and NARR10 was analyzed on a loge scale with the minimum 
value brought to 1 to normalize the data (Osborne 2002). Rain-
affected COW10 was analyzed separately to assess the influence 
of sprouting on α-amylase activity in these cultivars. The model 
used for all variables was as follows: 
 
Fixed model = constant + species + (species × genotype) 
 
Random model = site + (site × block) 
 
An extra term site × block × NITrep was added for NDF, ADF, 
crude fiber, insoluble arabinoxylans, insoluble NSP, and starch 
content. Correlations between variables were analyzed in Gen-
Stat with a two-sided test for significance and were based on all 
field replications, genotypes, and sites, excluding rain-affected 
COW10. 
RESULTS AND DISCUSSION 
Physical and Chemical Attributes 
The average crude fiber, ADF, and insoluble arabinoxylan con-
tent of triticale cultivars analyzed in this trial were significantly 
higher than the analyzed wheat cultivars (Table I, P < 0.001). This 
observation is in agreement with previous studies, particularly for 
insoluble fiber (Heger and Eggum 1991; Rakha et al 2011). Rye is 
known for extremely high arabinoxylan content relative to wheat, 
and previous reports have confirmed that triticale is intermediate 
between wheat and rye (Shelton and Lee 2000; Oliete et al 2010; 
Rakha et al 2011). However, variability existed within both of the 
species, and some triticale cultivars were equivalent to or lower 
than the wheat checks, for example, insoluble arabinoxylan con-
tent in Tobruk and Vicuna. 
Unlike other measures of fiber, the average NDF content (for 
cell wall constituents such as cellulose and lignin) was about 10% 
higher in wheat compared with triticale. Furthermore, environ-
mental variance was high for NDF, protein, and starch contents, 
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unlike crude fiber, ADF, insoluble arabinoxylans, and insoluble 
NSP, which were fairly constant between sites. Protein and NDF 
contents were highest at JP09 (a dry-harvested site). Rahka et al 
(2011) observed significant environmental influences on arab-
inoxylan content but not fructan content (the major component of 
extractable dietary fiber in cereal grains) between a rain-affected 
and an average environment. 
Tobruk and Vicuna had significantly lower crude fiber, ADF, 
and insoluble arabinoxylan contents than the other triticales. They 
were not significantly different to hard-grained bread wheat for 
most tested characters, with the exception of NDF content, for 
which they were significantly lower than wheat and closer to 
other triticales. Tobruk and Vicuna also have high milling yields 
(Pattison and Trethowan, in press). This observation suggests that 
Tobruk has a similar seedcoat to wheat but the typical low cellu-
lose/hemicellulose (NDF) content of a triticale. 
The higher fiber content of triticale makes it favorable for hu-
man nutrition; however, as most triticale is used for animal feed, 
plant breeders generally seek to reduce fiber content, particularly 
soluble arabinoxylans, which decrease nutrient absorption and 
overall growth performance (McGoverin et al 2011). 
None of the surveyed triticale lines were truly waxy based on 
the simple starch–iodine binding assay. Potential variability in 
amylose content may still exist; previous research has identified 
triticale genotypes and lines that carry the null 4A allele for gran-
ule-bound starch synthase (Sharma et al 2002; Dennett et al 2009). 
Starch Pasting Properties 
The pasting properties of starch were examined in the presence 
of AgNO3 to inactivate enzymes that hydrolyze starch in hot 
water–flour slurries. The presence of AgNO3 increased the peaks 
and breakdown (data not shown). Inhibition of α-amylase during 
tests for starch properties is essential, as enzymatic activity 
greatly confounds the results (Klassen and Hill 1971). 
On average, triticale had a significantly earlier peak time (5.5 
min) than wheat (5.6 min) (P < 0.001), but the range among culti-
vars was similar (Table II). Earlier peak time in triticale compared 
with wheat is consistent with previous observations (Gomez et al 
2010). Tobruk, Vicuna, and Yowie were not significantly different 
from the wheat cultivars QALBis, Ventura, and Sunco. 
Peak time was significantly negatively correlated to hardness in 
both wheat (r = –0.5754, P = 0.0125) and triticale (r = –0.7268, 
P < 0.001). This negative correlation may be related to more rapid 
water absorption by damaged starch, particularly for Berkshire 
and Bellaroi (Leon et al 2007; Naik et al 2010). However, triticale 
was generally softer than wheat; thus, although hardness might 
explain the trend within species, it does not account for the over-
all earlier peak time of triticale compared with wheat. 
PV is the viscosity of the starch paste when the number of 
swollen intact starch granules is at a maximum. PV is highly 
correlated with amylose-to-amylopectin ratio in wheat and is used 
as a predictor of white salted noodle quality (Pham Van et al 
2006). Triticale PVs were within the range of wheat, and no dif-
ference was detected between species, despite a lack of direct 
selection for amylose content during the short history of triticale 
(Dennett et al 2009). Environment influenced PV and to a lesser 
extent CPV, and hence influenced breakdown, with NARR10 
having a higher peak and greater breakdown than other sites. This 
observation is likely related to the overall starch content of the 
grain, which was higher at NARR10 (a dry-harvested site). 
In previous studies of triticale flour–water slurries, peak viscos-
ity was reported as 2–10 times higher in wheat than triticale 
(Leon et al 2007; Gomez et al 2010; Naik et al 2010; Oliete et al 
2010). However, α-amylase is very active in the standard RVA 
methodology and causes a rapid breakdown of starch as the slurry 
is heated. By inactivating the endogenous enzymes, it becomes 
clear that PV of triticale and correlated traits such as amylose 
content are not necessarily different from wheat. Significant  
TABLE I 
Grain Physical and Chemical Attributes as Detected by Near-Infrared Transmission and the Single-Kernel Characterization Systema 
 
 
Grain/Cultivar 
Grain  
Protein  
(%) 
 
SKCS 
Hardness  
Neutral  
Detergent Fiber 
(% DM) 
Acid Detergent 
Fiber  
(% DM) 
Crude  
Fiber  
(% DM) 
Insoluble  
Arabinoxylans  
(% DM) 
Insoluble  
NSP  
(% DM) 
Starch  
Content  
(%) 
Triticale        
Tobruk 11.3 40.7 13.71b 3.82b 3.35b 5.61b 9.10b 68.76c 
Vicuna 12.0 40.2 15.41 4.15b 3.58b 5.62b 10.64c 65.00 
Yukuri 12.2 35.2 13.81b 4.79 4.19c 6.22 9.87b 67.35c 
Berkshire 12.2 76.6d 15.59 4.80 4.27c 6.10 10.39 65.57 
D12/Tatu 10.5 31.2 15.92 4.74 3.78b 6.42 10.58c 63.20b 
Endeavour 12.7 41.1 15.79 5.18 4.46c 6.33 10.00 65.22 
Goanna 14.6 58.0c 14.95 4.59 4.40 5.90 9.86 66.09 
Hawkeye 11.9 40.6 16.45c 4.62 3.92b 6.18 10.55c 64.96 
Jaywick 11.4 51.4c 15.81 5.07c 4.51c 6.28 10.32 67.10c 
Rufus 12.3 51.0 16.53c 4.93 4.75c 5.99 9.33b 67.84 
Yowie 12.7 41.0 15.14 4.69 4.66c 6.74c 10.63 66.16 
Triticale average 12.2 46.1 15.37e 4.67e 4.17e 6.13e 10.12 66.11e 
AusScan medianf … … 15.9 3.8 3.2 7.08 10.98 63.3 
Wheatg         
Bellaroi 13.3 85.3d 17.96c 4.64 3.97b 5.99b 10.96c 65.07 
Ellison 12.6 61.3c 16.82c 3.90b 3.51b 5.48b 10.19 67.27c 
QALBis 10.8 17.9b 15.87c 4.04b 3.48b 5.74b 10.20 66.29 
Sunco 12.0 58.7c 16.18c 3.91b 3.62b 5.87b 9.96 69.19c 
Ventura 12.2 62.0c 16.37c 3.74b 3.35b 5.06b 8.48b 69.28c 
Wheat average 12.2 57.1 16.64 4.05 3.59 5.63 9.96 67.42 
AusScan medianf … … 15.9 3.6 3.1 5.5 8.59 66.1 
a Data represent JP09, NARR10, and SA11 only (dry-harvested sites). SKCS = single-kernel characterization system; DM = dry matter; and NSP = nonstarch 
polysaccharides. 
b Significantly less than at least four triticale varieties (P < 0.05). 
c Significantly greater than at least four triticale varieties (P < 0.05). 
d Bellaroi and Berkshire were excluded from the statistical analysis of hardness as they had very hard grain. 
e Significantly different from wheat (P < 0.05). 
f Median reading for the grain samples processed during the creation of the calibration for the near-infrared transmission instrument. Represents a median for 
Australian triticale or wheat. 
g Bellaroi is durum wheat; QALBis is soft wheat; and Ellison, Sunco, and Ventura are hard-grained bread wheat. 
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improvement in amylograph characteristics and RVA parame-
ters were obtained after inactivation of α-amylase in triticale by 
Klassen and Hill (1971) and Sharma et al (2002), respectively. 
Unlike PV, triticale exhibited a larger range in HPV than wheat. 
In triticale, fiber and protein content both exhibited a weak nega-
tive correlation with HPV (r between –0.597 and –0.507, P < 
0.05), suggesting these factors were important among the sur-
veyed cultivars (also see the later discussion of falling number). 
The role of protein content in pasting properties of triticale has 
been speculated on previously (Sharma et al 2002; Leon et al 
2007), and gluten is known to indirectly increase the HPV of 
wheat (Morris et al 1997). 
High PV and setback are characteristic of low-amylose flours 
and are desirable for white salted noodles (Pham Van et al 2006). 
Such characteristics were observed in Jaywick and to a lesser 
extent in Yukuri, as well as the low-amylose wheats Ventura and 
QALBis, and have previously been observed in null 4A (low-
amylose) triticale and wheat (Tsang 1999; Sharma et al 2002; 
Blazek and Copeland 2008). 
α-Amylase Activity 
Excluding rain-affected COW10, the average α-amylase ac-
tivity in these modern triticale cultivars was 50% higher than in 
wheat; however, there was also a much greater spread of activ-
ity. The range among triticale cultivars was 0.06–0.135 CU, and 
the range among wheat was 0.051–0.075 CU (Table III). α-Amy-
lase activities of four of the triticale lines (Berkshire, Hawkeye, 
Tobruk, and Yukuri) were not statistically different from the 
wheat checks. The activity of Endeavour and Jaywick was ap-
proximately double that of wheat and most other triticales (Ta-
ble III). Differences in activity between dry-harvested sites JP09 
and NARR10 were inconsistent and small relative to differences 
among cultivars. 
As expected, late-season rainfall greatly increased α-amylase 
activity at COW10. Activity was eight times higher than other 
sites on average; however, the percentage of visibly sprouted 
grains had no relationship to α-amylase activity. 
The activity in older triticale cultivars was around 10 times that 
of wheat using direct assessment of enzymatic activity (McEwan 
and Haslemore 1983; Macri et al 1986a; Mares and Oettler 1991). 
This activity is much higher than the modern cultivars assessed 
here, suggesting that α-amylase activity has been reduced through 
breeding and selection in the past few decades. This may be re-
lated to selection for plump grains and semidwarf stature. It is 
likely the genetic linkage between Rht alleles and α-amylase in 
wheat (Tan et al 2010) also exists in triticale. 
Higher triticale falling numbers (exceeding 200 s) in cultivars 
released during the last decade also suggest that α-amylase activ-
ity has been reduced through breeding (Tohver et al 2005; Naik et 
al 2010; Manley et al 2011). This is a positive step for scientists 
attempting to improve breadmaking quality in triticale. High 
α-amylase activity (particularly LMA) has been repeatedly quoted 
as a reason for poor baking performance of triticale (McGoverin 
et al 2011). 
Falling Number 
Falling number was significantly lower in triticale and signifi-
cantly different among cultivars from the replicated, dry-harvested 
sites (P < 0.001, Table III). As observed in numerous studies, triti-
cale exhibited low falling number in the absence of visible sprout-
ing. Falling numbers in the wheat checks (average 541 s) were too 
high for commercial breadmaking (Rasper and Walker 2000). 
As observed here, falling number of wheat is typically two to 
three times that of modern triticale; however, great variability 
exists. Triticale exhibits a large range of falling numbers from 
62 s (the lower limit for the test) to over 350 s, and lines with 
falling numbers in excess of wheat have been reported (Tohver et 
al 2005; Erekul and Köhn 2006; Naik et al 2010; Manley et al 
2011). 
However, the relationship between falling number and α-amy-
lase activity was very different between the two species. Among 
the wheat samples, the small range and high average value indi-
cated there was practically no enzymatic starch degradation, and 
falling number was not expected to differentiate α-amylase activ-
ity. Indeed, wheat falling number was not significantly correlated 
to α-amylase activity for these samples (P = 0.154) (AACCI Ap-
proved Methods 22-02.01 and 56-81.03; Hareland 2003). Falling TABLE II  
Pasting Properties of Triticale and Wheat from JP09, NARR10,  
and SA11 Sitesa 
Grain/ 
Cultivar 
Peak  
Time 
 
PV 
 
HPV 
 
CPV 
 
Breakdown
 
Setback 
Triticale      
Tobruk 5.6b 345 230b 409b 115c 179b 
Vicuna 5.6b 360 216b 397b 144 182b 
Yukuri 5.4c 340 161c 280c 179b 119c 
Berkshire 5.2c 343 205 362bc 138 158c 
D12/Tatu 5.5b 379 233b 412b 146 180b 
Endeavour 5.6b 332 193c 354c 139 162b 
Goanna 5.4 322 171c 296c 151 125c 
Hawkeye 5.5 354 220b 403b 133 182b 
Jaywick 5.3 375b 189c 339c 186b 149c 
Rufus 5.5 321 189c 327c 133 139c 
Yowie 5.6 338 208 361c 130 153 
Average 5.5d 346 201 359d 145 158 
Wheate       
Bellaroi 5.4c 313c 205c 401b 108c 196b 
Ellison 5.8b 321c 202c 369 118c 167b 
QALBis 5.7b 355 179c 303c 176b 124c 
Sunco 5.7b 338 192c 354c 145 162bc 
Ventura 5.6b 386b 198 344c 188b 146c 
Average 5.6 343 196 354 147 159 
a Data represent JP09, NARR10, and SA11 only (dry-harvested sites). PV =
peak viscosity; HPV = hot paste viscosity; and CPV = cool paste viscosity. 
b Significantly greater than at least four triticale varieties (P < 0.05). 
c Significantly less than at least four triticale varieties (P < 0.05). 
d Significantly different from wheat (P < 0.05). 
e  Bellaroi is durum wheat; QALBis is soft wheat; and Ellison, Sunco, and
Ventura are hard-grained bread wheat. 
TABLE III  
α-Amylase Activity (Ceralpha Units [CU]) and Falling Number of 
Triticale and Wheat Cultivars at Rain-Affected and Dry-Harvested Sites
 α-Amylase (CU) Falling Number (s) 
Grain/ 
Cultivar 
Rain 
Affecteda 
Dry 
Harvestb 
Rain 
Affecteda 
Dry 
Harvestb 
Triticale     
Tobruk 0.231 0.071 144 322c 
Yukuri 0.255 0.075 103 272c 
Berkshire 0.953 0.060 62 197 
Endeavour 1.078 0.126c 145 194 
Hawkeye 0.136 0.111 62 206 
Jaywick 1.046 0.135c 62 148 
Average 0.617 0.096 96 223d 
Wheate     
Bellaroi 0.813 0.051 71 626c 
Ellison 0.359 0.075 170 585c 
QALBis 0.665 0.055 71 394c 
Sunco 0.660 0.058 109 580c 
Ventura 0.766 0.065 109 518c 
Average 0.653 0.061 106 541 
a Site COW10. Cultivar differences are not presented, as they are particular to
this environment. 
b Sites JP09 and NARR10. 
c Significantly greater than at least four triticale cultivars (P < 0.05). 
d Significantly different from wheat (P < 0.05). 
e Bellaroi is durum wheat; QALBis is soft wheat; and Ellison, Sunco, and
Ventura are hard-grained bread wheat. 
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number was significantly correlated with starch pasting parame-
ters PV, HPV, and CPV, plus NDF level, grain hardness, 
wholegrain protein content, and flour protein content (Fig. 1B and 
C, r = –0.545, 0.715, 0.672, 0.705, 0.717, 0.595, and 0.726, re-
spectively) (Hareland 2003; Konopka et al 2003). It is possible 
that the small range in α-amylase activity in wheat revealed the 
role of other grain quality factors on falling number. Using best fit 
exponential regression, the percentage variance in falling number 
accounted for by α-amylase activity among the wheat checks was 
only 3.8%. 
The relationship between falling number and α-amylase activ-
ity in triticale was slightly stronger than in wheat and exhibited a 
weak negative exponential relationship with an asymptote at 62 s. 
Recalculations of summarized data from Macri et al (1986b) and 
Mares and Oettler (1991) also portray an exponential relationship 
essentially toward an asymptote at 62 s. The trend for modern 
triticale cultivars assessed here was clearly not equivalent to 
wheat. Large decreases in enzyme activity only produced a small 
increase in falling number (Fig. 1A). 
Furthermore, and more importantly, triticale samples within the 
same small range of α-amylase activities as wheat (such as Berk-
shire, Tobruk, and Yukuri) had an average falling number of just 
254 s, that is, approximately half that of the wheat samples. 
Clearly, factors apart from α-amylase activity impacted the vis-
cosity of the triticale flour–water slurry. In addition to the weak 
negative correlation with α-amylase activity (–0.5187, P = 
0.0033), falling number in triticale was significantly correlated to 
a set of grain characteristics vastly different from wheat: fiber 
content (average R2 for crude, ADF, or NDF methods was 0.462, 
P < 0.001, Fig. 1D), insoluble NSP and insoluble arabinoxylan 
content (average R2 = 0.175, P ≈ 0.02), and peak time (R2 = 0.145, 
P = 0.038). 
These data provide compelling evidence that falling numbers 
cannot be compared between triticale and wheat. 
Furthermore, measures of fiber and NSP were negatively corre-
lated with falling number in triticale (correlations ranging from 
–0.417 to –0.7134, Fig. 1D). In other words, the viscosity of the 
slurry was lower for triticale in the presence of higher fiber and 
NSP content in the grain. This finding is opposite to what is ex-
pected from viscous NSP molecules in wheat (Kumar et al 2012) 
and requires further investigation. Note that negative correlations 
between falling number and both fiber and pentosan content have 
been observed in rye (Salmenkallio-Marttila and Hovinen 2005). 
One possible cause for the difference between species is the ac-
tion of enzymes apart from α-amylase. Crude fiber content of 
triticale was correlated with α-amylase activity (0.4625, P = 
0.0101), as the highest concentrations of α-amylase are found in 
the outer layers of the grain (Macri et al 1986a). The influence of 
other enzymes concentrated in the bran layer, particularly those 
that degrade NSP, should be investigated. Xylanase activity had a 
much stronger correlation with falling number in rye than α-amy-
lase activity and is a possible cause of poor viscosity in triticale 
(Salmenkallio-Marttila and Hovinen 2005). Other enzymes such 
as β-amylase, proteinase, and pentosanase should also be investi-
gated (Glatthar et al 2005; Jones and Lookhart 2005; Kandil et al 
2012). When enzymes were inactivated in the RVA assessment, 
no difference in PV was detected between wheat and triticale. 
Differences between growing environments in arabinoxylan, 
β-glucan, and fructan content and their molecular weights in a 
study of eight modern triticale cultivars by Rahka et al (2011) 
were attributed to higher activity of endogenous enzymes in grain 
grown at one site. Hareland (2003) also hypothesized that endoge-
nous enzymes concentrated in the bran apart from α-amylase 
were influencing the viscosity of wheat samples. 
 
Fig. 1. The relationship between falling number and selected grain characteristics for all plots at dry-harvested sites. A, Falling number and α-amylase 
activity; B, falling number and grain protein content (at 11% wb); C, falling number and single-kernel characterization system hardness; and D, falling 
number and acid detergent fiber (ADF) content. In A, the two highest wheat α-amylase activities represent Ellison harvested at Narrabri in 2010. 
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Thus, it is possible that the greater the bran content, which is 
correlated with both enzyme activity and NSP content, the 
greater the enzymatic activity under the heat and mixing of the 
falling number test—and thus the lower the viscosity. Note also 
that starch content in wholemeal triticale is slightly lower than in 
wheat (Table I). This would decrease the maximum potential vis-
cosity. 
Differences in NSP content and architecture have been repeat-
edly confirmed to influence flour–water relations (Kumar et al 
2012). However, despite the observed (weak) correlation, NSP is 
highly unlikely to be the direct cause of poor falling number in 
triticale. The NDF content was positively correlated to falling 
number in wheat (0.7045, P < 0.05), most likely because higher 
NSP increased slurry viscosity (Bettge and Morris 2000). The 
importance of NSP for gas and water retention in rye bread is 
well known, particularly water-extractable molecules with long 
branches (Rahka et al 2011). According to Boros et al (1993), 
nearly all the viscosity of rye extracts can be attributed to (or is 
correlated with) arabinoxylan content. However, the correlation 
between falling number and content of NSP and fiber was nega-
tive both in the triticale cultivars investigated in this study and in 
rye (Salmenkallio-Marttila and Hovinen 2005). Regarding NSP 
architecture, Rahka et al (2011) observed significant differences 
in the arabinose-to-xylose ratio, molecular weight, and extracta-
bility of several types of triticale NSP compared with wheat; how-
ever, apart from β-glucan structure, the measurements suggested 
triticale should have higher viscosity than wheat, not lower as is 
almost always observed in falling number assessments. CPV here 
was slightly higher in triticale than wheat, suggesting triticale 
flour does have the potential for high viscosity. Therefore, it is 
more likely the relationship between NSP and falling number in 
triticale is not directly caused by NSP but rather the activity of 
certain endogenous enzymes (apart from α-amylase), which in 
themselves are correlated to the content of NSP. 
A secondary hypothesis relates to the protein characteristics of 
triticale. Flour storage proteins absorb significant amounts of 
water (Oliete et al 2010). Storage proteins of triticale are tran-
scribed from loci on both the wheat and rye genomes, and thus 
triticale has different proportions of the key storage proteins than 
wheat, plus some that are not expressed in wheat at all. Triticale 
flour has lower farinograph water absorption than wheat (Macri et 
al 1986b; Naik et al 2010). Differences in water–protein relations 
under the hot conditions of the falling number test may contribute 
to lower viscosity in triticale than wheat; however, the correlation 
between flour protein content and falling number was insignifi-
cant among triticale cultivars (r = –0.188, P = 0.32). Note, how-
ever, that the correlation between flour protein and falling number 
was highly significant in wheat (r = 0.726, P < 0.001). Thus, poor 
protein quality may be a contributing factor to lower viscosity in 
triticale compared with wheat, but it cannot explain the trends 
within the triticale samples. 
CONCLUSIONS 
From the complicated interactions observed between α-amy-
lase, starch, and nonstarch components of triticale, we propose 
the following three conclusions: 
1. The existing genetic variability in triticale for α-amylase ac-
tivity and dough characteristics is sufficient for plant breeders to 
greatly improve quality through targeted breeding and selection. 
By screening parental material for α-amylase activity directly 
with rapid methods such as the commercial kit utilized here, as 
opposed to falling number, the variability of α-amylase activity 
can be exploited. Nevertheless, the current study has confirmed 
that certain cultivars still express LMA. It will be necessary to 
further understand the environmental conditions that give rise to 
LMA and the extent of genetic variation of this character in the 
triticale gene pool. 
2. The starch properties of triticale can only be compared with 
wheat when α-amylase activity is standardized between samples. 
The most effective way to achieve this standardization is through 
addition of AgNO3. Previous reports of starch properties in triti-
cale must be interpreted in light of enzyme activity. 
3. The falling number of triticale cannot be directly compared 
with wheat, because factors apart from α-amylase greatly de-
crease the viscosity of the triticale solution. What would be con-
sidered a low falling number in wheat does not necessarily indi-
cate high α-amylase activity in triticale. One probable cause is the 
action of endogenous enzymes other than α-amylase, particularly 
those that act on the NSPs, although storage protein types may 
also play a role. Further investigations into the modification of the 
falling number test for triticale should be conducted. 
Given the potential of triticale to substitute for wheat in proc-
essed foods and the commonality of methodology for wheat and 
triticale quality research, these results provide valuable infor-
mation to both industry and food research. With modified meth-
odologies and improved screening for useful starch traits, the use 
of triticale flour in bread, cakes, noodles, and biscuits may be-
come a reality. 
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Abstract. Triticale (TriticosecaleWittmack) is a high yielding cereal cropwith the potential to increase grain production
for human food in the coming decades. The quality of triticale ﬂour is usually intermediate between its progenitor species;
however, there are considerable differences in quality and response to agronomic conditions among cultivars. The aimof this
research was to quantify existing genetic variation to provide preliminary data for classiﬁcation of triticale cultivars for a
millingmarket. Eleven triticale cultivars from three growing environments were comparedwith ﬁvewheat cultivars bred for
various end users. Average protein content, milling yield, thousand-kernel weight, test weight, hardness, colour and ash
content supported previous reports. One cultivar was identiﬁed with grain hardness and milling yield equivalent to durum
wheat, suggesting a null allele at the rye softness protein locus. Ash content was higher than wheat, particularly in the ﬂour
despite lower extraction rates, suggesting triticale naturally stores more minerals in its endosperm and the benchmark for
milling-grade triticale should be higher than the standard for wheat. Cookie doughweight of triticale was signiﬁcantly lower
per unit volume, indicating current bakingprocessesmust be altered todealwith the generally poorwater retentionof triticale.
Signiﬁcant differences were observed among cultivars for cookie quality and some produced cookies equivalent to soft
wheat. There is a clear need to classify cultivars into suitability for various end users to facilitate production andmarketing of
quality triticale.
Additional keywords: biscuits, bread, brightness, cakes, colour, pastry.
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Introduction
Modern triticale cultivars (TriticosecaleWittmack) are high
yielding amphiploids between wheat (predominately tetraploid
wheat –AABB) and cereal rye. For the last half century, triticale
breeding has focussed onhighgrain yield, abiotic andbiotic stress
tolerance, biomass production for feed, grain appearance and
livestock feed quality. Little selection has been conducted for
ﬂour quality, despite the fact that triticale is higher yielding than
wheat inmost environments andhas the potential to replacewheat
ﬂour in many processed food products (McGoverin et al. 2011).
Triticale has a particular yield advantage over wheat on sandy,
acidic soils.
As the majority of triticale is sold as animal feed, the primary
kernel quality factors considered during marketing are protein
content, moisture content and test weight (van Barneveld 2002).
However, ﬂour markets place more stringent requirements on
batches of grain to ensure they meet the demands of not only the
end consumer but also the millers, processors and wholesalers.
Many of these traits depend on the intended ﬁnal product, such as
loaf bread,ﬂat bread, steamed bread, biscuits, pastry, noodles and
pasta. Triticale has a reputation for inferior processing and end
product quality, partially due to historical problems with grain
shrivelling, milling yield, ash content, colour, protein quality, a-
amylase activity and stickiness (Lorenz et al. 1972; Peña and
Amaya 1992; Trethowan et al. 1993). However, breeding for
improved animal feed quality has indirectly selected for grain
traits favourable for food production e.g. reduced stickiness; and
as such modern triticale cultivars are expected to be more suited
to milling than historical germplasm.
Direct and indirect tests for many quality traits have been
developed, some of which are used to classify wheat cultivars
into standard quality grades e.g. test milling for ﬂour extraction.
Others tests are primarily used to screen lines during the
breeding process e.g. ﬂour whiteness using light reﬂectance; or
are tested on each grain sample at receival e.g. the Single Kernel
Characterisation System (SKCS) for consistency in hardness and
thousand-kernel weight (TKW, Rasper and Walker 2000). For
triticale to become a valuable product to the milling and food
industry, the optimum testing methodologies, processing
conditions and suitability to speciﬁc end products must be
deﬁned. High variability among cultivars greatly reduces
efﬁciency in processing and a lack of classiﬁcation and
minimum quality standards has hindered the use of triticale
grain in food products. Furthermore, the optimal conditions for
milling and processing triticale grain and ﬂour differs to wheat
(Amaya et al. 1986), andnot all quality screeningmethods used in
wheat can be applied in triticale.
The aim of this research is to quantify several commercially
signiﬁcant quality traits among current Australian triticale
cultivars and to assess their suitability for commercial cookie
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manufacture. This is part of a larger project to identify the
potential of modern triticale for human food products.
Materials and methods
Germplasm
Details of grain sources and replicated ﬁeld trials are given in
Dennett et al. (2013). In brief, seven triticale cultivars (Berkshire,
Endeavour, Hawkeye, Jaywick, Tobruk, Vicuna and Yukuri),
three hard wheats (Ellison, Sunco and Ventura), a durum wheat
(EGA Bellaroi) and a soft wheat (QALBis) were grown in two
environments in NSW, Australia (JP09 and NARR10, both as a
two-replicate randomised block design sown at 60 kg/ha). Grain
samples froman additional three cultivars grown as farm crops on
alkaline soil in low rainfall conditions (SA11) were sourced from
KV Cooper and MG Elleway, SA, Australia.
Wholegrain measures
Wholegrain protein content and moisture content were assessed
by NIR on an Infratec 1241 Grain Analyser (FOSS, Hillerød,
Denmark) using triticale calibration TR260180 and wheat
calibration WH002010.
Samples of 300 grains were analysed by SKCS using AACC
method 55–31 for hardness, grain width and TKW.
Subsamples of ~50 gwere groundon aNewport Scientiﬁc 600
Hammer Mill with a 0.5-mm screen (Perten, Warriwood, NSW,
Australia). Moisture content was determined by weight loss of
~5 g of ﬂour at 1358C for 3 h, then ash content was measured on
the same ﬂour according to AACC 08–01 (AACC 1995) and
expressed at 14% moisture basis using a LABEC mufﬂe furnace
(LABEC, Sydney, NSW, Australia).
Flour properties
Subsamples of 50 g were milled to white ﬂour on a Quadrumat
JuniorMill (Brabender, Duisburg, Germany). Breadwheats were
tempered to 15%moisture content and soft wheat (QALBis) plus
all triticales to 13%. Samples were placed on shakers for
10–15min then left to stand overnight. A subset of cultivars
with sufﬁcient available grainwere alsomilled on aBühlerMLU-
202 laboratory mill (Bühler AG, Uzwil, Switzerland) in 800- or
1000-g samples using the same tempering regime except samples
were shaken for 25–30min.
Flour moisture and protein content were estimated by NIR on
an Inframatic 8100 PerCon (Perten, Hägersten, Sweden), which
had been calibrated using a hard-grained bread wheat. Moisture
and ash contents were physically quantiﬁedwithAACCmethods
44–15.02 and 08–01, respectively (AACC 1995).
Colour was assessed on Junior-milled ﬂour using a Minolta
Chroma meter CR-400 (Konica Minolta, Tokyo, Japan).
Cookie quality
Two replicates (one each from JP09 and NARR10) of Bühler-
milled triticaleﬂour andQALBis softwheatwere baked into plain
cookies. The recipe contained 300 g ﬂour, 2.4 g salt, 2.4 g full
cream milk powder, 10 g cornﬂour, 60 g castor sugar, 40 g
vegetable shortening (melted), 20 g golden syrup, 4.0 g baking
powder, 0.4 g baking soda, 0.1 g sodium metabisulﬁte and
69.3 g water. Dry ingredients were blended for 1min then wet
ingredientswere addedandmixedat 60 rpmfor 1min.Doughwas
mixed at 150 rpm for ~6.5min, placed in an air tight container
then left in a 308Coven for 30min. Doughwas then sheeted twice
through a 4.0-mm gap, once through 2.2-mm gap then once
through a1.4-mmgap.Doughwas carefully cut into 20 cookies of
55mm diameter, weighed and then baked for exactly 13min at
1808C. Each cookie was individually assessed for weight,
diameter, height and presence of surface cracks or blisters. An
additional 9.5mL ofwaterwas added to bothBerkshire replicates
because they were unworkable after resting, and hence Berkshire
was excluded from statistical analysis.
Statistical analysis
Data were analysed in GENSTAT version 14 (VSN International,
Hemel Hempstead, UK) with a 5% signiﬁcance level. The
inﬂuence of species and cultivar for all variates were analysed
using ResidualMaximumLikelihood (REML), with ﬁxedmodel
terms deﬁned as Species/Genotype and random model terms
deﬁned as Site/Block. Correlations were based on all ﬁeld reps
via a two-sided test of correlations signiﬁcantly different to zero
at a 5% level of signiﬁcance. Grain protein (11% wb) was
analysed on a natural log scale and break yield on a square-
root scale with the distribution brought to a minimum of 1
(Osborne 2002).
Results and discussion
Yield, protein content, hardness and grain size
As expected, the yield of both triticale and wheat were highest at
NARR10. This site has a rich vertosolic soil known for producing
high cropping yields, and the site experienced above average
rainfall during the growing season. Both wholemeal and ﬂour
protein content were higher at JP09. The expected negative
correlation between grain yield and protein content was
observed across the dataset, however this correlation was
much stronger in wheat than triticale (P = 0.019, R2 = 0.518 for
wheat and P= 0.014, R2 = 0.323 for triticale). Among the tested
cultivars the range in wholegrain protein content was similar for
both wheat and triticale and no signiﬁcant difference was
detected between species (P = 0.457) or cultivars (P= 0.182)
(Table 1). Historically, triticale cultivars had higher protein
content than wheat; however, breeding for higher yield and
plump grain over the last few decades has shifted average
protein content down to a similar or lower level than most
wheat cultivars when grown in the same conditions
(McGoverin et al. 2011).
The range of protein content observed in this trial was
generally between that required for soft wheat products e.g.
cakes, cookies; and the requirement for hard wheat products
e.g. loaf breads. Soft wheat is marketed with maximum 9.5%
grain protein content in Australia (AWB 2012). However,
triticale stores a lower proportion of its total grain protein in
the endosperm (Lorenz et al. 1972) and has lower gluten strength
(McGoverin et al. 2011) thanwheat. Therefore, onemight expect
the threshold grain protein appropriate for baked products to be
higher in triticale than wheat. In commercial practice, grain
growers tend not to fertilise triticale as highly as bread wheat
as it is predominantly used for animal feed. However, grain
protein content equivalent to high value bread wheat can be
obtained under the right agronomic conditions.
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A range of hardness was observed among triticale genotypes;
however, most fell between the soft wheat QALBis and the hard-
grained bread wheat checks (Table 1). Berkshire had very hard
grain at all sites andwas similar to the durumcultivarBellaroi.We
expect the nullPin allele to be present on the AABB subgenomes
of most triticales and hence the predominant inﬂuence on grain
texture would be via the presence of starch-granule surface
associated friabilin from the expression of Sin genes on the R
genome (Li et al. 2006). This suggests Berkshire has a null allele
at the Sin (rye softness) locus, as has been observed in very hard
triticales at CIMMYT (Li et al. 2006).
Triticale has previously been reported to have lower test
weight than wheat (Mergoum and Gómez-Macpherson 2004).
In our study, the test weight of most triticale cultivars did not
differ signiﬁcantly from QALbis soft wheat (P < 0.001). This is a
clear improvement over historic triticale cultivars (Lorenz and
Welsh 1977). The lower test weight of triticale is likely due to
the larger and hence less dense packing of starch granules within
the triticale endosperm compared with the smaller, more densely
packed starch granules of wheat (Stoddard 1999). In addition,
triticale’s longer and less symmetrical grains, with their deep
crease, tend to pack less densely at a grain level. Larger grain
size is likely related to higher TKW in triticale than wheat both
in this study (P= 0.035) and in previous studies (Darvey et al.
2000).
Milling traits
One of the most important grain characteristics for the miller is
batch consistency (Campbell et al. 2007). Signiﬁcant variability
existed among triticale cultivars for milling yield and the range
was much greater than hexaploid wheat (P< 0.001,
Table 1). Excluding the very hard-grained triticale cultivar
Berkshire and the durum wheat standard Bellaroi, milling
yields of triticale were lower than wheat on average (P < 0.001
for both Bühler and Junior milling results). However, triticale
cultivar Tobruk had signiﬁcantly higher Junior milling yield
than most wheat checks, and the cultivars Vicuna and Jaywick
were not signiﬁcantly different to wheat. The same trend was
evident among Bühler milling yields (P < 0.001). Note also that
Tobruk has low ﬁbre content relative to other triticale cultivars
(Dennett et al. 2013). Therefore, it is likely Tobruk has a thin seed
coat and is a suitable parent to improve both milling yield and
grain carbohydrate content for animal feed. Berkshire and
Bellaroi had very poor milling yield, as expected in very hard
textured genotypes and as previously observed in hard-grained
triticale (Fig. 1) (Amaya et al. 1986; Saxena et al. 1992). The
variability between cultivars supports the necessity to classify
cultivars into hardness/ﬂour yield groupings to facilitate
commercial milling. The classiﬁcation process needs to be
performed on a Bühler mill or industry mill as Junior mill
results do not sufﬁciently reﬂect commercial situations (Firinc
Bekes, pers. comm.).
The proportion of ﬂour removed in the break rollers of the
Bühler mill was signiﬁcantly greater in triticale (excluding
Berkshire) than wheat (P= 0.003), but no difference was
detected among cultivars (P = 0.332). Greater break yield in
triticale than wheat was similarly reported by Saxena et al.
(1992). This milling behaviour is a function of hardness rather
than species, as a greater proportion of ﬂour is removed from soft
grains in the break fraction because they are more easily broken
Table 1. Mean wholegrain and ﬂour characteristics of modern triticale cultivars from JP09, NARR10 and SA11
Yield and Bühler milling data were not available for Goanna, Rufus and Yowie due to insufﬁcient grain. Berkshire and Bellaroi were excluded from analysis of
hardness andmilling yields, plusQALBis frombreakﬂour yield as they are fromdifferent hardness classes.The l.s.d. of grain protein (11%wb) represents the least
signiﬁcant ratio of geometric means due to the transformation applied during statistical analysis. ASigniﬁcantly greater than at least four triticale cultivars
(P< 0.05); BSigniﬁcantly less than at least four triticale cultivars (P< 0.05); zSigniﬁcantly different to wheat (P< 0.05). n.a., not applicable
Row labels Yield Test TKW Grain protein Hardness Break ﬂour Milling yield Milling yield Colour
(t/ha) weight (11% wb) yield (%) (Junior) (Bühler) L a b
Triticale
Berkshire 5.29 74.2 43.1 12.25 76.6 22.08 44.3 57.6 87.0B 1.2A 9.6A
Endeavour 3.89 65.4A 30.9B 12.74 41.1 23.03 57.2 69.5 91.3 0.3 8.3A
Goanna 1.5 77.5 37.5 14.63 58.0A n.a. 56.8 n.a. 90.3 0.8 6.8
Hawkeye 4.80 72.6 42.2 11.95 40.6 24.26 56.5B 70.1 91.5 0.3 7.4
Jaywick 5.44 71.0 39.7 11.44 51.4A 18.60 58.6 70.5 90.2 0.5 7.2
Rufus 1.5 72.4 43.4 12.30 51.0 n.a. 55.5B n.a. 90.8 0.6 6.9
Tobruk 4.97 69.8 38.0 12.25 39.4 21.82 64.7A 73.8 90.8 0.4 8.2
Vicuna 4.86 75.3B 43.9 11.98 40.2 21.48 60.5A 73.2 92.2 0.5 6.2B
Yowie 1.5 73.6 44.9 12.74 41.0 n.a. 55.2B n.a. 91.3 0.4 6.9
Yukuri 4.70 71.5 36.9B 12.19 32.0 23.16 58.2 70.4 92.2 –0.1B 8.4A
Average 4.85 72.3z 40.0z 12.35 44.2z 21.94 56.7z 69.7 90.7z 0.4z 7.9z
Wheat
Bellaroi 4.25 78.1A 42.2 13.33 82.5 16.39 44.3 58.7 89.8B –1.7B 21.0A
Ellison 4.86 78.0A 37.0B 12.60 57.6A 18.53 61.4A 73.9 92.6A –0.4B 10.1A
QALBis 4.78 71.0 37.1B 10.80B 16.5B 43.08 60.2A 71.3 93.2A –0.3B 7.9
Sunco 5.48 77.6A 33.9B 12.03 54.6A 18.34 64.0A 76.3 92.3 0.0B 8.8A
Ventura 4.98 77.2A 38.6 12.20 59.2A 19.76 60.2A 73.0 92.0 0.1B 9.2A
Average 4.87 76.4 37.7 12.19 50.0 18.86 57.2 71.5 91.9 –0.5 11.7
Average l.s.d. 1.19 4.69 7.49 1.22 12.2 1.02 2.11 n.a. 1.34 1.46 1.12
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into small particles, which pass through the sieves (IRRI 2009;
Souza et al. 2011). Average break yield of triticale here
(excluding Berkshire) was 3.4% higher than bread wheat but
9.7% lower than the soft-grained bread wheat QALBis.
Final milling yield is not necessarily different between hard-
and soft-grainedwheat (Greffeuille et al. 2005). However, these
soft triticales still had lower ﬁnal ﬂour extraction than most
wheat checks, despite exhibiting higher break yield. Thus it
appears that the reduction process is not as effective in further
removal of ﬂour particles in soft/semi-soft triticale compared
with soft wheat. It is expected that wheat particles reaching the
reduction stage still have ﬂour attached and hence reduction
rollers operate under pressure to facilitate separation of these
particles from the bran (Campbell et al. 2007). Reduced
separation of additional ﬂour from bran in triticale suggests a
thicker or more variable seed coat width than wheat, where
fewer particles passing through the reduction rollers still have
ﬂour attached and hence the narrower distance makes no
difference to the amount of ﬂour that can be removed.
Scanning electron microscope images of cross-sections of
wheat, rye and triticale grain also suggest triticale has a
thicker outer layer than wheat (Varughese et al. 1996). A
thicker or more variable seedcoat in triticale may be related
to slight corrugations on the surface of the grain, the remains of
grain shrivelling, which was a feature of early triticale cultivars.
The deep crease of triticale seed may also play a role in reduced
milling efﬁciency (Darvey et al. 2000).
Ash content
The average wholemeal ash content of triticale is higher than
wheat, but with greater variability (P < 0.001, Fig. 2). Several
triticale cultivars exhibited low wholemeal ash contents similar
to thewheat checks (Fig. 2).Grain size and shape had an inﬂuence
on ash content: the correlation coefﬁcient for both grain width
and TKW with wholemeal ash content was –0.605 (P < 0.001
also for both comparisons). A negative correlation was observed
between wholemeal ash content and test weight in triticale
(–0.582, P = 0.0113) but not in wheat (P = 0.223). Weak
negative correlations with test weight, grain width and TKW
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Junior and Bühler milling.
80
Milling yield
Wholemeal ash (11 wb) %
Flour ash (14 wb) %
2.5
2.0
1.5
1.0
0.5
0.0
70
60
20
30
10
0
50
40
M
illi
ng
 y
ie
ld
 (%
)
As
h 
co
nt
en
t (%
)
Fig. 2. Average Junior milling yield and ash contents of triticale (Berkshire to Yukuri) andwheat
(Bellaroi to Ventura).
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have been reported in wheat previously (Ohm et al. 1998; Morris
et al. 2009).
Unlike wholemeal ash content, ﬂour ash content was fairly
consistent between lines – indeed, no signiﬁcant difference was
detected among triticale cultivars with the exception of
Berkshire. Lower ﬂour ash content in Goanna, Rufus and
Yowie is most likely a product of the growing environment at
SA11. Flour ash was signiﬁcantly greater in triticale than wheat
on average (P< 0.001) and was not inﬂuenced by milling yield
(Fig. 2).
Not only does triticale exhibit higher ash content than wheat
in both wholegrain and ﬂour, the difference between wheat and
triticale ash content is greater in the ﬂour. This may be due to
either higher bran contamination or higher storage of minerals
in triticale endosperm. Binding of minerals by non-starch
polysaccharides has been suggested as a cause of high ash in
triticale ﬂour (Rakowska and Haber 1991). Roccia et al. (2006)
found ﬂour ash was positively correlated with Sucrose Solvent
Retention Capacity (r= 0.56), which reﬂects the gliadin and
non-starch polysaccharide content of ﬂour. Triticale may also
naturally store more ash in the aleurone and endosperm than
wheat.
On the other hand, if triticale has a thicker seedcoat, we would
expect greater bran contamination under the wheat milling
conditions used here (and in most research) and hence higher
ash content. Certain cultivars clearly have a greater proportion of
their ash content in the bran relative to others under ﬁxed milling
conditions (Fig. 2). Milling conditions, such as roller width and
tempering moisture, should be standardised for triticale in both
commercial and research practices (Amaya et al. 1986).
Low ﬂour ash is particularly important to obtain the bright
white ﬂour colour demanded by consumers. Similar to wheat,
triticale ﬂour whiteness and ash content were highly correlated
(R2 = 0.8001). The normal range for ﬂour ash content in
Australian wheat is 0.4–0.5% (GrainCorp 2010). This is an
unrealistic benchmark for current triticale cultivars even at low
extraction rates (Dennett and Trethowan 2013) and a higher
level of ﬂour ash content should be used as a benchmark for
low ash triticale ﬂour.
Colour
Triticale was darker than wheat on average for both Bühler- and
Junior-milled ﬂour, however variability existed (P < 0.001). Two
triticale cultivars (Vicuna and Yukuri) were not signiﬁcantly
darker than bread wheat. Triticale is known for its darker,
more grey-like ﬂour colour, and historically this has been a
hindrance to the adoption of triticale ﬂour in commercial
baking (Mergoum and Gómez-Macpherson 2004). White grain
colour is predominantly controlled by recessive alleles on
homeologous group 3, along with other minor loci (Darvey
et al. 2000). It is rare for durum, rye or triticale to be white
grained. A large number of crosses were made at CIMMYT with
Blanco rye, a white rye from Brazil, and several of these are
represented in the pedigrees of the cultivars in this survey.Vicuna
is one such cultivar, and it exhibited the whitest ﬂour of all tested
lines (Table 1). However, the modern consumer seeking health
beneﬁts via consuming more wholegrain-based foods, is usually
not deterred by darker ﬂour colour (Fohner and Hernández
Sierra 2004).
Where wheat ﬂour tends more towards green colour, the
triticale lines tested here tended towards red (Table 1).
Triticale ﬂour was within a similar colour range to hexaploid
wheat for yellow/blue hue. Note that although Berkshire
exhibited hardness characteristic of durum wheat (and hence
the correlated traits such as milling properties and ﬂour ash
content), it had the colour of triticale and hence is not suitable
for the mainstream pasta market.
Test baking – cookie quality
With their low protein content and medium-soft grain, the tested
triticale cultivarswere expected tobemore suitable for production
of cookies and cakes than bread, noodles or pasta. A subsample of
Bühler-milled lines were baked into cookies and compared with
QALBis soft wheat.
Initial dough weight was highly correlated with ﬁnal cookie
weight and height (0.9047 and 0.8675, respectively). Dough
weight of triticale was lower than QALBis for all tested
genotypes apart from Jaywick and Endeavour (P< 0.001,
Table 2. Average dough and cookie characteristics of a subset of triticale cultivars compared with soft wheat (QALBis) grown in two environments
Data pertaining to cookie characteristics represent the mean standard deviation for the 20 cookies in each batch. The ﬁgure for blistered/checked surface
represents the percentage of affected cookies in a batch
Cultivar Site Flour protein
(%)
Dough weight
(g)
Cookie diameter
(mm)
Cookie height
(mm)
Cookie weight
(g)
Blistered/checked
surface (%)
QALBis JP09 10.9 9.03 ± 0.42 56 ± 0.76 6.14 ± 0.29 7.55 ± 0.38 35
NARR10 7.5 8.64 ± 0.61 55.6 ± 0.53 5.41 ± 0.37 7.24 ± 0.52 10
Berkshire JP09 14.2 7.41 ± 0.17 55.3 ± 0.63 3.45 ± 0.18 6.39 ± 0.16 20
NARR10 9.4 7.61 ± 0.27 54.5 ± 0.7 3.76 ± 0.24 6.19 ± 0.22 90
Hawkeye JP09 10.6 7.76 ± 0.17 54.2 ± 0.75 4.57 ± 0.25 6.27 ± 0.13 40
NARR10 7.4 8.53 ± 0.45 54.5 ± 0.56 4.81 ± 0.26 6.78 ± 0.38 95
Jaywick JP09 10.7 8.81 ± 0.27 55 ± 0.86 4.85 ± 0.19 7.4 ± 0.24 20
NARR10 8.2 8.54 ± 0.51 54.6 ± 0.88 4.71 ± 0.28 6.96 ± 0.46 45
Tobruk JP09 10.1 7.96 ± 0.35 54.9 ± 0.8 4.09 ± 0.16 6.89 ± 0.32 0
NARR10 7.6 8.35 ± 0.91 55.2 ± 0.81 5.22 ± 0.87 6.79 ± 0.84 50
Yukuri JP09 10.3 8.19 ± 0.43 55 ± 0.82 4.74 ± 0.17 6.97 ± 0.39 30
NARR10 9.0 8.46 ± 0.36 54.6 ± 1.03 5.33 ± 0.33 7.04 ± 0.33 30
Endeavour NARR10 8.7 8.96 ± 0.34 55.2 ± 0.64 5.19 ± 0.23 7.87 ± 0.33 10
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Table 2). As dough weight is generally measured on a ﬁxed
volume of dough (55mm diameter after being evenly sheeted),
the difference in weight reﬂects both the dough density and the
retention of moisture during prooﬁng/processing. The lower
weight of triticale tortilla dough and cake batter has been
attributed to poor water absorption (Serna-Saldivar et al. 2004;
Oliete et al. 2010). Triticale generally requires more moisture to
bake satisfactory loaves than is indicated by mixographs (Lorenz
et al. 1972).
Extra water was added to the Berkshire dough as neither
replicate was workable without extra moisture. Hence
Berkshire was excluded from baked cookie analyses as it was
clearly not suitable for cookies, with low spread, low height
and highly blistered surface, even after addition of extra
water. Dough weight was included in the REML models as
it was a signiﬁcant covariate in analysis of baked cookie
characters.
Final cookie weight and spread were signiﬁcantly different
among genotypes. QALBis exhibited a signiﬁcantly greater
spread than all triticale cultivars apart from Tobruk
(P < 0.05). No correlation was observed between diameter
and ﬂour protein content (P = 0.6947), however the protein
levels were probably too low and the range too small to
create a signiﬁcant correlation. Overall, ﬂour protein content
was much lower here than in previous studies where ﬂour
protein was negatively correlated with cookie spread (Leon
et al. 1996; Roccia et al. 2006; Tanhehco and Ng 2008). In a
large study where triticale was separated into hardness
clusters, the cookies produced from soft-grained triticales had
greater diameter than medium hard triticales, despite having
higher average ﬂour protein content (Saxena et al. 1992). The
diameter of cookies is a function of dough viscosity, soluble
starch content, protein strength, protein elasticity and water
absorption from pentosans (Tanhehco and Ng 2008).
Loss ofmoisture during cookingwas signiﬁcantly negatively
correlated with ﬂour protein content (–0.6011), although this
might have been a site effect as protein contents were all higher
at JP09. The number of cracked or blistered cookies per batch
was positively correlated with weight loss during baking
(0.7039) (Indrani and Rao 2008). Hawkeye and Jaywick had
higher weight losses during baking than QALbis. Low water
retention during baking is desirable for cookies and crackers
where low moisture content is required in the ﬁnal product
(Souza et al. 2011).
The general observation from cookie tests was that triticale
dough was brittle and had notably different moisture relations
compared with soft wheat. Further study should be conducted
into the water absorption of triticale at commercial protein
contents. As observed previously, the variation in samples
was highly signiﬁcant both statistically and in terms of
commercial suitability for cookie manufacture (Leon et al.
1996; Roccia et al. 2006). This is a product of both the
variation in genotype and their growing environments. A
classiﬁcation system for cultivars based on hardness/ﬂour
yield would be complemented by a marketing system for
harvested grain which separates batches based on their
suitability for various human foods or animal feed uses e.g.
marketing low protein batches of soft cultivars separately to
higher protein batches.
Conclusions
Despite very little speciﬁc breeding and selection for quality
attributes, modern triticale cultivars have improved signiﬁcantly
over their historic counterparts. Modern lines with desirable
quality were identiﬁed for traits in which triticale is
traditionally lower than wheat – milling yield (Tobruk), ﬂour
brightness (Yukuri) and grain hardness (Berkshire). Flour quality
among modern triticale cultivars was highly variable compared
with wheat, as expected from a species that has had virtually no
breeding and selection for quality.
Physical and chemical differences between triticale andwheat
indicate that tests and standards developed speciﬁcally for wheat
need to be varied to better approximate the utility of triticale
in baked products such as cookies. Classiﬁcation of triticale
varieties into speciﬁc quality groups will also further facilitate
the marketing of triticale for human consumption.
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Potential of the Valdy translocation to 
improve triticale secalogluten quality 
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Introduction 
 
The strength, elasticity and extensibility of dough are predominately controlled by the 
properties of cereal grain storage proteins. These proteins in hexaploid wheat 
(AABBDD genome) are largely encoded by genes on homologous group 1. The D 
subgenome (originating from Aegilops tauschii) has been identified as one of the 
more important sources of loci producing high quality gluten. This includes both 
HMW glutenins and LMW glutenins/gliadins (Meenakshi and Khatkar 2005). 
Poor gluten quality of triticale is a key hindrance to the use of triticale flour in 
processed flour products. Cultivated triticale (AABBRR) is an allohexaploid which 
combines the AABB genome of durum wheat (Triticum durum, a descendant of 
Triticum turgidum ssp. dicoccoides, a progenitor of cultivated wheat) with the R 
genome from Secale cereale (cereal rye). This combination confers abiotic stress 
tolerance and higher yield potential however also reduces the formation of strong 
viscoelastic gluten. Various hypotheses regarding the cause of this poor gluten 
formation have been proposed, including a lower relative dosage of genes conferring 
strong gluten in triticale, poor protein content, a greater proportion of smaller glutenin 
polymers and the  negative influence of secalins on gluten formation (Field and 
Shewry 1987; Naeem et al. 2002). The dosage effects are amplified by the low 
molecular weight of  the polymeric 75k γ-secalins compared to  polymeric storage 
proteins of wheat, however they make up between 35 and 50% of the storage proteins 
expressed from the rye genome (as measured in rye) (Gellrich et al. 2003; Penner and 
Scoles 1990a). The 75k γ-secalins have a positive effect on the content of polymeric 
protein in bread wheat, which produces a corresponding increase in extensograph 
dough resistance (Gupta et al. 1989). 
Several research groups have attempted chromosomal substitutions and translocations 
from hexaploid wheat to improve the gluten quality of triticale whilst maintaining its 
yield advantage (Hohmann et al. 1999; Lafferty and Lelley 2001; Lukaszewski and 
Curtis 1992; Xu and Joppa 2000). One of the most successful was an engineered 
chromosome 1R termed ‘Valdy’, created at the University of California, Riverside, by 
Dr Adam Lukaszewski (Lukaszewski 2006). It contains the Glu-D1d allele (subunits 
5+10) for HMW glutenin and Gli-D1/Glu-D3 for ω-gliadins and γ-gliadins /LMW 
glutenin, and removes Glu-R1 (also known as Sec-3) for HMW secalins (Fig. 1). This 
chromosome has been crossed to locally adapted varieties in several countries 
including Poland (Woś et al. 2002), Czech Republic (Martinek et al. 2008) and the 
USA (Rabiza-Swider et al. 2010). The translocation was associated with a yield 
decrease in all these cases, however bread making potential was clearly improved.  
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The aim of this experiment was to investigate the influence of the Valdy translocation 
in Australian triticale backgrounds. Four top cross populations and one double cross 
population were created to increase the proportion of genes controlling high yield and 
disease resistance and to reduce the wintery characteristics of the original background. 
 
Fig 1. The Valdy chromosome (1R of triticale) 
 
Materials and methods 
 
Plant growth and selections 
Five top crosses/double crosses with DH265, the source of the Valdy translocation, 
were performed (Table 1). The non-germ end of each F1 grain was tested for the 
presence of the translocation using SDS-PAGE (see section 3.2.2.2) and the germ end 
was sown in transparent plastic tubes on Murashige and Skoog media. Tubes were 
placed in a growth chamber under lights then seedlings were transplanted to the 
glasshouse at the 2 leaf stage. Resulting F2 seeds were sown in winter 2008 on sandy 
soil at Cobbitty, NSW (-33.942292, 150.667362). Fertiliser, irrigation and fungicide 
were applied as required. Individual F2 plants with superior agronomic vigour and 
grain quality were selected and resown as 1.5 m x 1.25 m plots at Cobbitty over 
summer 2008/2009. Between one and three seeds from each F2 plant was screened for 
the presence of the translocation using SDS-PAGE (see section 3.2.2.2) and F3 plots 
were classified according to their Glu-D1 status (positive, negative or 
segregating/uncertain). At least 10 Glu-D1d positive plots and 10 negative plots were 
selected from each cross based on agronomic vigour and seed availability. The 
summer growing environment produced very low yields and poor seed quality. 
 
Glu-D1d 
Sec-1 
Gli-D1 + Glu-D3 
Sec-3 
(removed) 
Chromosome 1R (from Presto triticale) 
Chromosome 1D (from Wheaton/Gabo wheat) 
wheat) 
99 
 
 
Table 1 Pedigrees of crosses 
Line Pedigree Parental characteristics 
2 
(JRCT 149) // (M96-3182) / (DH265 
F1) 
Spring maintainer // winter white / winter 
breadmaking  
8 (JRCT 101) // (2093) / (DH265 F2) Spring restorer // spring white / winter breadmaking 
9 (JRCT 56) // (M96-3182) / (DH265 F1) Spring restorer // winter white / winter breadmaking 
61 (JRCT 101) // Vicuna / (DH265 F2) 
Spring restorer // Spring high SDS / winter 
breadmaking 
150 
(2093(3)) / (DH265 F2) // (DH265) / 
(WB9-7) 
Spring white / winter breadmaking // winter 
breadmaking / spring white 
 
Selected F3 plots were sown in winter 2009 as replicated bulks at Narrabri, NSW  
(-30.282195, 149.805794, 107 lines, NARR09). Seed was treated with Vitaflo C at 
250mL per 100kg seed then sown in a Nearest Neighbours design in 3 m x 1.5 m plots 
along with two replicates of seven triticale cultivars (Berkshire, Tobruk, Endeavour, 
Hawkeye, Jaywick, Yukuri and Tahara), one durum cultivar (Bellaroi) and nine 
hexaploid wheat cultivars (Lang, Strezlecki, Bowie, GBA Sapphire, QALBis, 
Thornbill, Ventura, Ellison, Chara). Fertiliser, irrigation and fungicide was applied as 
required. Five single plants were selected from each genotype at NARR09 for 
summer increase. 
The F5 seed was sown in  adjacent 3 m x 1.5 m plots at Glen Innes over summer 
2009/2010. The field was ploughed straight from pasture and received minimal 
fertiliser and no irrigation. The presence of the translocation was screened using five 
grains from the parental F4 plant for putative positive lines and 3 for putative 
negatives. Only those progeny which were not segregating for Glu-D1d were 
considered for selection. Among these, plots were selected based on vigour, rust 
resistance, yield and seed appearance. An attempt was made to obtain progeny that 
represented as many different F1 combinations as possible and so that there were up 
to 10 positives and 10 negatives selected from each cross. Rust pressure was high. 
A yield trial was conducted in 2010 on bulks of selected F5 plots (F4 derived F6). The 
trial was a two replicate, RCBD sown at both Narrabri (NARR10) and Cowra  
(-33.805482, 148.697784, COW10). Both trials received fertiliser and fungicide as 
required and Narrabri only was irrigated. Plots at Narrabri were 1.25m x 4m on sandy 
clay soil, Cowra plots were 1.75m x 7.5m on a clay loam soil. Two replicates of eight 
triticale cultivars (Berkshire, D12/Tatu, Endeavour, Hawkeye, Jaywick, Tobruk, 
Vicuna and Yukuri), one durum wheat (Bellaroi), three bread wheats (Ellison, Sunco 
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and Ventura) and one soft wheat (QALBis) were included at both sites. Grain from 
Cowra 2010 was unsuitable for quality analysis due to minor rain damage and post-
harvest storage problems. 
Grain from NARR10 was tested for gluten strength using the SDS-sedimentation test 
(see section 3.2.2.3). Seed was also increased in bulks at John Pye farm in 2011 
(JP11) and 3 grains from each genotype were tested to confirm the presence or 
absence of the translocation. 
 
Glutenin and secalin identification 
SDS-PAGE for visualisation of secaloglutenin subunits is described in Chapter 3, Part 
1. Screening of the F2 seed was based on one grain per plant, F5 on 5 grains per plant 
and the F8 on 3 grains per plot. Single grains in 4 μL sample buffer were 
electrophoresed on the gel. 
The 5+10 subunits were located by comparison with the parental line DH265. Wheat 
and triticale standards were routinely run to assess consistency between gels. Several 
crosses produced bands from the rye genome with the same electrophoretic mobility 
as the 5 + 10 subunits from the translocation. This is a common problem in the 
characterisation of bands in triticale using SDS-PAGE (Bernard et al. 1990; Ciaffi et 
al. 1991; Ryöppy 1990). 
 
Quality analysis 
Whole grain moisture and protein content were measured on a FOSS Infratec 1241 
Grain Analyzer using FOSS triticale calibration; secalogluten strength was estimated 
using a modified version of the SDS-sedimentation test. Methods are described in 
Chapter 3, Part1. 
 
Data analysis 
Yield of both 2010 trials and protein content of Narrabri 2010 were analysed in 
Genstat ver. 13 using REML with AR2 model and 5% level of significance. SDS-
sedimentation height was analysed in REML with a 5% level of significance using 
protein content as a covariate. 
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Results and discussion 
 
Inheritance of Valdy 
Screening for the presence of the translocation in each generation revealed a non-
random transmission rate of the translocation during the breeding process (Tables 2 to 
4). One possible cause relates to selection for plots with higher vigour in Australian 
spring-planting conditions, which favoured types with less chromatin from the 
original Valdy chromosome. Another possibility is the lower compensating ability 
(and hence competitiveness) the engineered chromosome in gametes (Rabiza-Swider 
et al. 2010). The lower transmission rate amongst the progeny randomly derived from 
unselected bulks suggests this may also be occurring here. 
The expression of several rye secalins of identical mobility to bands 5 and/or 10 using 
SDS-PAGE made the identification of the translocation difficult in some F3 grain 
samples. Only plants/plots where the Glu-D1 status was certain were advanced to the 
final stage of testing.  
 
Table 2  GluD1 status of F3 grains 
Cross Negative Positive Unclear 
Total 
plants 
2 25% 45% 29% 170 
8 38% 8% 55% 120 
9 43% 39% 18% 150 
61 80% 15% 4% 189 
150 81% 19% 0% 150 
Average 55% 26% 19% 
 
 
Table 3  GluD1 status of F5 grains 
Cross 
All 
negative 
All 
positive 
Segregatin
g 
Total 
plants 
2 72% 19% 9% 135 
8 75% 11% 14% 100 
9 71% 18% 11% 124 
61 83% 9% 9% 80 
150 59% 26% 15% 95 
Average 72% 17% 11%  
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Table 4  GluD1 status of F8 grains 
Cross All Negative 
All 
Positive Segregating 
Total 
plots 
2 45% 45% 10% 20 
8 68% 11% 21% 19 
9 42% 53% 5% 19 
61 67% 7% 27% 15 
150 53% 26% 21% 19 
Average 54% 29% 16% 
 
 
 
Yield and protein content 
Yield was lower amongst Glu-D1 positive genotypes at both COW10 and NARR10 
(P<0.001) (Table 5). The interaction between cross and Glu-D1 status was highly 
significant at NARR10 (P=0.009), but not at COW10 (P=0.294). Previous 
examinations of the Valdy chromosome in certain winter backgrounds observed a 
yield loss caused by a reduction in head length (Martinek et al. 2008; Woś et al. 
2002), however this was not observed in the spring triticale backgrounds examined by 
Rabiza-Swider et al. (2010), or in glasshouse grown material under artificial long 
days (Lukaszewski 2006). In addition to the reduced head size observed by other 
research groups, the removal of the distal segment of 1RS may have removed a locus 
known to increase root biomass (Rabiza-Swider et al. 2010). In the current study, the 
lower average yield for lines carrying the Valdy chromosome can be largely attributed 
to higher selection pressure among Valdy positive lines due to reduced transmission 
of the translocation. Progeny with poorer agronomic type had to be maintained in the 
research project to produce a balanced comparison of positive and negative materials 
for each cross.  
Nonetheless, the highest yielding lines in all populations did not express Glu-D1d 
(putative Valdy negatives), and amongst the top 25 yielding lines only 3 expressed 
Glu-D1d. Therefore the translocation may also have reduced yield directly. 
Furthermore, the effect of growing these lines under spring conditions likely 
influenced their competitiveness, as evidenced by the interaction between cultivar and 
site (Table 5). A larger population grown across more environments would equalize 
selection pressure between Valdy positive and negative lines thereby allowing the 
effect of the translocation on yield to be better quantified. 
For the translocation to have value in industry, it must be incorporated into cultivars 
which have a yield advantage over wheat whilst maintaining the ability to produce 
strong dough. The three Glu-D1d positive lines identified among the top 25 for yield 
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in both environments (where rust was controlled with fungicide) out-performed the 
highest yielding wheat check (Sunco), and were within the range of the triticale 
checks. Multi-year tests without rust control are required to confirm the yield 
potential of these lines. 
 
Table 5 Yield of triticale with and without the translocation and combined yields of 
wheat and triticale checks 
    Negative Positive 
Cross Site 
Yield 
(t/ha) 
Cross average 
(t/ha) 
Yield 
(t/ha) 
Cross average 
(t/ha) 
2 COW10 5.4 5.2 4.3 4.1 
 
NARR10 5.0 3.9 
8 COW10 4.6 4.8 4.3 4.7 
 
NARR10 5.1 5.1 
9 COW10 5.0 5.4 5.1 4.7 
 
NARR10 5.8 4.3 
61 COW10 4.5 4.7 4.4 4.4 
 
NARR10 5.0 4.4 
150 COW10 2.1 3.0 0.7 1.8 
 
NARR10 4.0 2.8 
durum COW10 4.7 4.7 
  
 
NARR10 4.8 
  
triticale COW10 5.2 5.3 
  
 
NARR10 5.5 
  
wheat COW10 3.2 4.2 
  
 
NARR10 5.3     
 
The protein content of lines expressing Glu-D1d was generally significantly higher 
than their non Glu-D1d equivalents (P=0.001, Table 6). However the increase was 
only statistically significant in crosses 2 and 150, and this was small in practical terms 
(just 0.89% and 0.62% respectively). No differences were detected in the protein 
content of the triticale or wheat checks compared to the Glu-D1d negative lines. 
 
SDS-sedimentation 
The secalogluten quality, as measured by SDS-sedimentation height, was higher in 
lines carrying the translocation on average, however the response was different in 
different crosses (P=0.008), and a statistically higher SDS-sedimentation height was 
only detected in cross 9 (Fig. 2). No statistical difference was detected between wheat 
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and triticale checks and crosses 2, 8 and 61. The mean increase in SDS-sedimentation 
height caused by the presence of the translocation is much lower than the increase 
observed in the original Presto background (230-250%) (Lukaszewski 2006), but 
similar to observations in crosses reported by Martinek et al. (2008) (117%) and Woś 
et al. (2002) (113%). 
Protein content was a significant predictor of SDS-sedimentation height (P<0.001) 
and hence was used as a covariate in analysis. It is essential that the confounding 
factor of protein content is removed before assessment of SDS-sedimentation height 
in triticale, as the content has a larger influence than in bread wheat (Chapter 3 part 
1). There was no difference in the degree of the response of SDS-sedimentation height 
to protein content between crosses, unlike observations in soft or club wheat (Carter et 
al. 1999). Adjusted mean SDS-sedimentation height is given in Fig. 2, and unadjusted 
mean SDS-sedimentation height is given in Table 6. Note however that from a 
commercial perspective, the influence of a gene controlling protein content cannot be 
separated from protein quality i.e. if Glu-D1d increases protein content and this in 
turn increases gluten strength, there is still a positive result of the translocation. Thus 
the increase in protein content and quality attributed to the gene are important. Both 
impart additional strength to the dough. The reason for increased strength is of little 
importance in industry. 
 
Fig. 2 Mean height of sediment after adjustment for protein content. Dark bars are 
Glu-D1d negative, grey bars are Glu-D1d positive and cross hatched (light grey) bars 
are the average of the checks for triticale and wheat. 
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The variation in SDS-sedimentation height was very narrow amongst the triticale and 
wheat check cultivars, however variation was extensive among the cross progeny 
from both the positive and negative groups (Table 6). In addition, the Glu-D1d 
negative lines of cross 2 and 150 displayed significantly higher mean SDS-
sedimentation height than both the triticale and the wheat checks (Fig. 2). These 
combined observations suggest significant variation exists among the glutenin alleles 
of the F4-derived F7 grain. Specifically, not only was there general variation, but the 
populations possessed alleles which have highly variable impact on SDS-
sedimentation height. Optimal allele combinations are rare in triticale, and lines from 
around the world are almost uniformly acknowledged as having poor gluten strength 
(McGoverin et al. 2011).  
There are two possible explanations for the observations above. Firstly, though 
unlikely, it is possible that the parental lines have inherently higher SDS-
sedimentation height than the check cultivars. Apart from Vicuna, none of the parents 
were selected for known SDS-sedimentation potential, however this does not mean 
they possessed unfavourable alleles (Table 7). 
 
 
Table 6 Mean flour protein content (adjusted to 11%mb) and unadjusted mean, 
maximum and minimum SDS-sedimentation height for the five cross populations and 
triticale and wheat checks. 
  Glu-D1d negative 
 Glu-D1d positive 
Cross 
Protein 
content 
(11%mb) 
Sediment height 
(mm) 
 
Protein 
content 
(11%mb) 
Sediment height (mm) 
Mean Max Min  Mean Max Min 
2 11.1 38.1 44.75 33.25  12.1* 40.1 46 33.25 
8 10.7 35.4 37.75 33  10.6 35.9 38.25 34 
9 10.9 33.6 38 26.25  10.7 40.0 47 34.5 
61 11.0 34.8 36.5 33.25  11.6 37.5 39.5 34.75 
150 10.9 39.6 43.25 31.25  11.5* 43.4 48.75 37.5 
   
   
  
  
triticale 10.6 33.9 34.2 33.6  
  
  
wheat 11.5 36.0 37.2 34.1  
  
  
* = statistically higher than Glu-D1d negative within the same cross 
 
Secondly, lines with high SDS-sedimentation height observed amongst the negative 
populations may possess the Gli-D1/Glu-D3 locus. Screening for the presence of the 
translocation targeted only the Glu-D1d allele, however Valdy also contains a 
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translocation on the distal end of 1RS encoding ω-gliadins and γ-gliadins /LMW 
glutenin. There is no genetic linkage between Glu-D1d and Gli-D1/Glu-D3 in Valdy 
(or regular wheat 1D chromosome) and hence, unless the transmission rate to 
offspring is reduced, it is possible that the Gli-D1/Glu-D3 translocation is distributed 
randomly throughout the population. Thus it is possible that in combination with 
favourable parental alleles, the DH275 parent may also contribute a wheat allele 
which was not screened during the selection process. The influence of this locus in 
triticale is not reported in any previous literature. SDS-sedimentation height is most 
likely determined by polymeric gluten content, not monomeric gliadins, and hence 
only the influence of the LMW glutenins at this loci would be reflected in the SDS-
sedimentation volume (Oelofse 2008). Although gliadins are unlikely to influence 
SDS-sedimentation volume, they do influence dough extensibility and loaf volume 
(Uthayakumaran et al. 2001). 
 
Table 7 Tentative allele designations for polymeric glutenins and secalins amongst 
parental lines 
 Glu-A1 Glu-B1 Glu-D1 Glu-R1 Gli-R2 
 Allele Subunits Allele Subunits Allele Subunits Allele Subunits Allele Subunits 
DH265 c null r 7+18 d 5+10 - - c t1 
JRCT 149 c null r 7+18 - - c 6
r
+13
r
 a d1 
JRCT 101 c null s 6.8+20 - - f 0.8
r
+6
r
 d/a null/d1 
JRCT 56 c null f 13+16 - - c 6
r
+13
r
 a d1 
2093 c null s 6.8+20 - -  ? + 6.5
r
 a d1 
M96 c null f 13+16 - -  ? + 6.5
r
 c t1 
WB9-7 c null s 6.8+20 - - c 6
r
 + 13
r
 c t1 
Vicuna c null f 13+16 - - f 0.8
r
+6
r
 a d1 
 
 The largest single group of storage proteins in rye are located on the Gli-R2 locus, 
and comprise between 35 and 50% of the total storage protein (Gellrich et al. 2003; 
Penner and Scoles 1990a). The rate of accumulation and final concentration of the 
75k γ-secalins differs among genotypes in both triticale and rye (Penner and Scoles 
1990a; b). Thus one might assume that allelic variation at this loci would have a 
significant influence on triticale quality (although, to the author’s knowledge, the 
proportions of the various storage protein fractions have not been defined in triticale: 
early research only defined the proportion of total protein soluble in different solvents 
(Chen and Bushuk 1970; Penner and Scoles 1990a)). The allelic influence of the 75k 
γ-secalins has been virtually ignored in the triticale literature. Comparison between 
lines with a doublet or triplet banding pattern in Glu-D1 breeding lines did not find 
any influence of the allelic form at the Gli-R2 locus on SDS-sedimentation (data not 
shown).  
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Anecdotal evidence has suggested that the secalins have a negative influence on 
gluten quality. However, the Glu-R1 locus may have a greater positive influence on 
gluten strength than the Glu-A1 locus, as demonstrated by whole chromosome 
substitutions (Jonnala et al. 2010; Lafferty and Lelley 2001; Woś et al. 2002). The 
lack of detectable influence of the 75k γ-secalins further suggests that the secalins 
cannot be assumed to have a negative influence on dough properties as a whole. 
SDS-sedimentation volume is correlated with protein quality and loaf volume in bread 
wheat and is used as a rapid screening method, particularly in early generations. 
However, the correlation between SDS-sedimentation and loaf volume is quite poor in 
triticale (Martinek et al. 2008; Adam Lukaszewski, personal communication). This is 
mostly due to the confounding influences of high enzymatic activity and higher non-
starch polysaccharide content in triticale compared to bread wheat. Martinek et al. 
(2008) did not find any effect of the Valdy translocation on loaf volume in a Presto 
background (most likely due to high α-amylase activity), however they did find 
significant effects of the translocation on crumb shape, appearance and structure. 
Similarly, Jonnala et al. (2010) did not observe a significant influence of whole D 
genome substitutions on loaf and dough properties in all backgrounds. 
 
Conclusion 
It is likely that the Valdy chromosome (as indicated by the presence of Glu-D1d) 
decreased yield, increased protein content and increased gluten strength in the tested 
Australian spring triticale backgrounds. The effect of Glu-D1d on gluten strength was 
cross dependent. In some genetic backgrounds, the translocation significantly 
increased gluten strength over that of both the wheat and triticale checks, however in 
two of the crosses the SDS-sedimentation height of lines which did not express the 
Glu-D1d allele was significantly higher than checks. Several lines were identified 
with higher yield and equivalent SDS-sedimentation height to bread wheat checks, 
suggesting that the Valdy translocation can be utilised in the development of high-
yielding and vigourous triticale cultivars with the gluten properties required for 
commercial bread production. 
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Chapter 5 
 
 
The genotypic and phenotypic 
interaction of wheat and rye storage 
proteins in primary triticale 
 
 
 
 
The research described in Chapter 4 discussed the feasibility of using the Valdy 
translocation from bread wheat to increase the gluten strength of triticale. Another 
potential solution to the poor secaloglutenin properties of triticale is the introduction 
of storage proteins from durum wheat or rye which are known to have a positive 
impact on gluten strength. This is achieved through crossing selected lines of each of 
the progenitor species. Chapter 5 investigated the feasibility of such an approach. 
The body of work was published in Euphytica, 194: 235–242. 
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Abstract The creation of new triticale germplasm
from its wheat and rye progenitors is an important
source of potentially beneficial alleles. This research
focused on the inheritance of glutenin and secalin
alleles in triticale and their interaction in the hybrid
offspring in terms of both subunit expression and
gluten strength. Multiple crosses between five durum
lines and two inbred rye lines were performed to create
a set of 23 fertile amphidiploid lines. The SDS-PAGE
banding patterns of the denatured HMW glutenins,
LMW glutenins, HMW secalins and 75k c-secalins
(termed secaloglutenin) were compared to their exact
parental plants, and their SDS-sedimentation was
evaluated. Secaloglutenin subunits were simply inher-
ited and expressed in all primary triticales. The few
observed variations in banding patterns were
accounted for within measured heterogeneity of the
exact rye parental plants, for which the secalin alleles
were thoroughly described. However, the possibility
remains that mixed protein oligomers were formed
between polymeric and monomeric storage proteins at
the ultrastructure level. Furthermore, significant dif-
ferences in the gluten strength of primaries derived
from different durum parents were observed. This
research suggests triticale of high gluten strength can
be obtained by selection of parents with favourable
glutenin alleles.
Keywords Durum wheat  Cereal rye 
Hybrid genome  Prolamin  Gluten  Crossability
Introduction
Triticale (X Triticosecale Wittmack), successfully
combines the hardiness and nutrient-use efficiency of
rye (Secale spp.) with the grain yield of wheat
(Triticum spp.) in a widely adapted and productive
cereal crop. Modern triticale cultivars are the result of
secondary crosses between primary triticales (the
original fertile amphidiploid offspring of wheat and
rye hybrids) and wheat, rye or other triticales. These
modern cultivars produce higher biomass and yield
than both progenitor species under most growing
conditions (Mergoum and Gomez Macpherson 2004).
The purpose and process of creating primary
triticales is similar to the purpose and process of
synthetic wheat development. Difficulties and losses
are experienced at all production stages, such that not
all pollinated florets produce seed, not all seed contain
viable embryos, and not all hybrid plants may undergo
chromosome doubling. Success rates vary depending
on genotype of the parents, their interaction and the
parental cytoplasm (Cooper and Driscoll 1985; Oettler
A. L. Dennett (&)  R. M. Trethowan
Plant Breeding Institute, University of Sydney, 12656
Newell Highway, Narrabri, NSW 2390, Australia
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123
Euphytica (2013) 194:235–242
DOI 10.1007/s10681-013-0950-y
1985; Sirkka et al. 1993). The crossability of the wheat
parent, the inter-species interaction between parents
and plant development of the haploids are all
controlled by independent loci (Oettler 1983; Tik-
henko et al. 2008). Although usually of poor agro-
nomic value, primary triticales are easily crossable to
existing triticales and are an effective conduit for
expanding its genetic diversity. Continued introduc-
tion of beneficial alleles from both wheat and rye has
the potential to greatly improve this synthetic crop,
particularly in traits for which triticale is lacking key
genes, such as grain quality.
Flour and dough characteristics of triticale are
generally inferior to those of bread wheat (T. aestivum
L.) for specific products, such as pan bread, which
require strong gluten with high extensibility. Hexa-
ploid triticale, 2n = 6x = 42, genome constitution
AABBRR, lacks the D genome of bread wheat,
2n = 6x = 42 (AABBDD) where the most significant
genes conferring desirable dough properties are con-
tained. Nevertheless, genetic variability for dough
properties exists within current triticale germplasm
and the range of dough quality characteristics in
modern triticale cultivars overlaps with that of wheat
(Dennett et al. under review).
Gluten is formed from a polymeric backbone of
HMW (high molecular weight) glutenin subunits
which interact with LMW (low molecular weight)
glutenins and gliadins through the formation of inter-
chain disulphide bonds (Shewry and Halford 2001).
The storage proteins of triticale are comprised of
polymeric HMW glutenins and LMW glutenins from
the AABB genome, HMW secalins and 75k c-
secalins from the RR genome, plus predominantly
monomeric x-secalins and gliadins, 40K c-secalins,
and a-, b-, and c-gliadins. (Amiour et al. 2002; Pen˜a
et al. 1991; Salmanowicz and Dylewicz 2007). The
interaction between these components is poorly
understood in triticale, both in terms of genetic
expression and quaternary linkages and structure.
Formation of extensible and viscoelastic gluten is an
essential component of bread and pasta products,
particularly in modern high-throughput manufactur-
ing systems.
Several studies of SDS-PAGE banding patterns
concluded that the storage proteins of primary triticale
are the sum of its two parents (Orth et al. 1974; Virdi
and Larter 1984). When polymorphism was observed
it was usually attributed to heterogeneity in the rye
parent e.g. Virdi and Larter (1984). However Rozynek
et al. (1998) found band intensities differed in the
gliadin and secalin fractions between triticale and its
parents, and, in some cases, differences in mobility
between bands. Altpeter et al. (2004) and Field and
Shewry (1987) concluded that mixed polymers were
formed between rye and wheat storage proteins in
transgenic rye and primary triticales respectively.
Furthermore, expression of certain Glu-B1 prolamins
and D-genome x-gliadins appeared to be different in
some lines resulting from tetraploid and octoploid
triticale crosses (Bernard et al. 1990).
This study investigates glutenin and secalin inter-
actions in wheat–rye hybrids made from modern
wheat and rye genotypes, and examines the influence
of the hybrid protein structures on gluten quality. The
term ‘secaloglutenin’ is used here to collectively refer
to the polymeric storage proteins of triticale, namely
HMW glutenin and secalin from the 1A, 1B and 1R
chromosomes, LMW glutenin from the 1A and 1B
chromosomes, and 75k c-secalin from the 2R
chromosome.
Materials and methods
Primary triticale
Five durums (Triticum durum, 2n = 4x = 28) and
two ryes (Secale cereale, 2n = 2x = 14) were chosen
for hybridisation based firstly on their glutenin
expression patterns and secondly on a preliminary
crossability study. The durums were donated by Mike
Sissons (DPI, Tamworth, Table 1), and an inbred
maintainer rye (R8) and an inbred white-seeded rye
(R11) were sourced from the University of Sydney rye
breeding program (Tables 1, 2). Inbred ryes were used
to obtain virtual homogeneity at the secaloglutenin
loci thereby allowing assessment of inheritance from
parent to hybrid.
Pollen from four R11 plants and five R8 plants were
crossed with the durum wheat parents. The resulting
amphihaploids were treated in 0.02 % colchicine
solution at 22 C for 6 h. Up to five selfed seeds from
each surviving fertile primary triticale, plus selfed
seeds from the individual parental plants, were sown in
the glasshouse. Note primaries 302030, 302035 and
302043 did not produce selfed seed, thus grain from
unbagged heads was collected.
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The new amphidiploids were sown in seedling trays
then transplanted to the field at Cobbitty, NSW,
Australia for a preliminary assessment of agronomic
vigour and disease resistance. Lines were bulk
harvested and the homogeneity between lines des-
cended from the same primary plant was confirmed
using SDS-PAGE of HMW and LMW glutenins. This
was assessed on 3 grains from each line, thus up to 15
grains were tested per primary plant. Homogeneity
among three selfed grains from each progenitor plant
was also assessed. A total of 23 primary triticale lines
were produced from eight cross combinations between
the durum and rye progenitors (Table 3).
A subset of 11 lines of sufficient vigour represent-
ing four cross combinations was grown at Roseworthy,
SA, Australia under rainfed conditions. Depending on
seed availability, between one and four 3.5 m rows of
each line were sown in a red/brown loam soil,
fertilised with 90 kg/ha DAP at planting (17.5 %
nitrogen 20 % phosphorus 1.5 % sulphur) and top-
dressed with 80 kg/ha urea. Grain samples were
ground on a Newport Scientific 600 Hammer Mill
with 0.5 mm screen (Perten, Warriwood, NSW,
Australia). Wholemeal flour protein content and
hardness were estimated by NIR on an Inframatic
8100 PerCon (Perten, Ha¨gersten, Sweden) which had
been calibrated using a hard-grained bread wheat.
Three triticale standards (Goanna, Rufus and Yowie)
sourced from KV Cooper and MG Elleway (Sherlock,
SA, Australia), and one wheat standard (Sunco) grown
at Narrabri, NSW, Australia, were used as a compar-
ison for current gluten strength in grain grown under
commercial conditions. SDS-sedimentation was based
on the method of Dick and Quick (1983), however
using 3 mL indicator solution (0.001 % Bromophenol
Blue) instead of distilled water, 0.75 g flour and 9 mL
working solution (3 % SDS and 0.23 % lactic acid) to
resolve differences in triticale flour, which has poor
gluten formation. The test was performed in capped
plastic test tubes of 16 mm diameter (Livingstone,
Rosebery, NSW, Australia).
SDS-PAGE of glutenin profiles
The non-germ end of three seeds of the Cobbitty-
grown durum parents, plus glasshouse-grown selfed
grain from the exact rye parents and primary triticales,
were divided using a scalpel, crushed with a pair of
pliers and placed in 1.5 mL Eppendorf tubes. Non-
glutenin proteins were removed by adding 200 lL of
50 % (v/v) propan-1-ol, vortexing then incubating at
65 C in a water bath for 30 min, with vortexing
approximately every 7 min. Tubes were then centri-
fuged at 5,000 rpm for 10 min and supernatant was
discarded. This process was repeated using only 5 min
incubation time, then repeated using distilled water
and 5 min incubation, then samples were oven dried at
37 C for 40 min to remove remaining liquid.
Extraction of glutenins proceeded with vortexing and
incubation of the pellet for 5.5 min at 95 C in 150 lL of
Table 1 Allele designation for HMW and LMW alleles of the durum parents
Durum Genotype Glu-A1 Glu-B1 Glu-A3 Glu-B3 Glu-B2
D1 Y#(Dur A*Yal)/2/12 b ao l r a
D2 Duramba A b f j r a?
D9 Tamaroi c d l r a
D11 Kamilaroi c e l r a
D12 Bellaroi c b j r b
No heterogeneity was observed at any of these loci
? Minor doubt over the allele designation
Table 2 HMW subunit designations and 75k c-secalin alleles
of the rye parents
Rye Genotype Glu-R1 Gli-R2
R8 Bevy/Ryesun B ? D (90.6 %) c (100.0 %)
C ? G (9.4 %)
R11 Unknown (white rye) A ? D (33.3 %) a (26.0 %)
A ? D* (2.1 %) c (74.0 %)
B ? D* (8.3 %)
C ? G (45.8 %)
D* ? G (10.4 %)
Percentage of tested seeds exhibiting each allele is given in
brackets
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123
Glutenin sample buffer (12.5 % 0.5 M Tris–HCl at pH
6.8, 25 % glycerol, 2 % SDS (w/v), 0.001 % bromo-
phenol blue (w/v) and 2 % mercaptoethanol). Samples
were then centrifuged at 14,000 rpm for 2.5 min.
Extracted glutenins were fractionated in a vertical
CBS-Scientific Dual Adjustable Meg-Gel kit (CB-
Scientific, CA, USA). The resolving gel contained
8 % Acr/Bis, 24 % 1.5 M Tris–HCl at pH 8.8, 0.1 %
SDS, 0.12 % TEMED and 0.06 % APS. The stacking
gel contained 4 % Acr/Bis, 25 % 0.5 M Tris–HCl at
pH 6.8, 0.1 % SDS, 0.3 % TEMED and 0.15 % APS.
Samples of 8 lL were resolved at 40 V overnight
followed by 70 V for the final 4 h in electrode running
buffer (0.3 % tris (w/v); 1.44 % glycine (v/v) and
0.1 % SDS (w/v)).
Gels were rinsed in water then stained in Coomassie
blue solution (0.05 % Coomassie blue G-250, 10 %
(w/v) phosphoric acid; 5 % aluminium sulphate and
20 % methanol) for approximately 60 min with gentle
agitation then destained in water for 33 h aided by
paper towelling and permanently stored between
single layers of clear cellophane.
Individual parental lines were run in channels with
their specific primary offspring between them. Wheat
cultivars Chinese Spring, Veery and Sunstate, the rye
cultivar Westwood and triticale cultivars Sirius, Titan
and Presto 1R.1D5?10 were also run on each gel. The
results were then confirmed in a second assessment
using grains from the same seed increase. A single
grain was assessed and Federation, Bowie, Gabo and
Sunco were included as additional wheat standards.
Allele nomenclature of McIntosh et al. (2008) is
applied for wheat glutenins and 75k c-secalins. No
attempt was made to name the HMW secalins
observed here because they differed from the stan-
dards. Arbitrary designations were given for purposes
of this paper.
Results and discussion
Crossability of parental genotypes
Of the 198 crosses performed, 1198 seeds were
produced, 541 embryos were rescued from these
developing seeds (45 % of seeds) and 65 embryos
developed into haploid plants (5.4 % of seeds)
(Table 3). This success rate is comparable to previous
reports (Oettler 1984; Cooper and Driscoll 1985;
Balatero and Darvey 1993; Sirkka et al. 1993). Seed
set was significantly different between durum lines
(P = 0.004) however no difference was detected
between rye parents (P = 0.286). The wheat parent
has previously been reported to have a greater
influence on success rates in primary triticale produc-
tion than the rye parent (Oettler 1984; Balatero and
Darvey 1993). Parental lines and their interaction also
influenced the number of viable embryos formed
within seeds (P = 0.042).
Although relatively few primary triticales have been
produced in the past two decades, it remains a useful
method of transferring traits from either durum or rye
into high-yielding triticale genotypes. An inability to
economically produce primary triticale from certain
(poorly crossable) durum and rye genotypes has
limited the usefulness of this technique. It is therefore
essential that the inheritance and expression of target
traits in the amphidiploid be well understood prior to
investing in the creation of new primary germplasm.
Homogeneity in parental lines
Both HMW and LMW alleles exhibited no variability
within the durum parental lines. The allele designa-
tions for their polymeric glutenins are provided in
Table 1.
Table 3 Crossability of
durum and rye parents
a Seed set is a percentage of
seeds produced over florets
pollinated
b Embryo set is percentage
of embryos produced over
seeds set
Seed seta Embryo setb Fertile primaries produced
R8 (%) R11 (%) R8 (%) R11 (%) R8 R11
D1 33 45 19 38 2
D2 31 29 52 62 2 6
D9 23 25 48 56 1 1
D11 18 24 26 33 1
D12 28 33 43 45 7 3
Average 27 30 43 51
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The HMW secalins of rye were comprised of x-type
and y-type subunits (De Bustos and Jouve 2003). Most
HMW secalins exhibited an electrophoretic mobility
in between the Glu-A1 subunits (1 and 2*) and Glu-B1
subunits (6 ? 8, 7 ? 8, 7 ? 9, 7 ? 16, 7 ? 18,
13 ? 16, 20) (Fig. 1). The use of modern molecular
markers has reduced the reliance on SDS-sedimenta-
tion for definition of secalins. However, for purposes
of this study it was convenient to run parents and
offspring in adjacent channels to reveal differences
in the expression of multiple subunits clearly and
concisely.
Segregation within each inbred rye plant was low:
55 % of parental rye plants were homogenous for
HMW glutenins. The remainder expressed a maxi-
mum of two alleles amongst the tested seeds from each
rye plant, and in most cases both the alleles were
expressed in other parental plants of either R8 or R11.
The fact that either of these alleles could have been
potentially passed to the primary triticale from the
parental plant was noted in those cases. Variation
within individual parental plants was lower than
variation within and between parental lines, however
only seven and two alleles were observed at the Glu-
R1 and Gli-R2 loci, respectively (Table 2). A star
designation was given when two bands from different
alleles were almost identical and hence may represent
the same subunit.
There was a concerted effort to produced homoge-
neous rye parental lines for this study which exhibit a
consistent secalin profile between individuals and can
thus be compared to the resulting primary triticale.
Although they are generally of poor agronomic vigour,
inbred rye lines have been utilised in research and
breeding for decades e.g. Oettler (1983). Significant
progress in hybrid rye breeding over the last few
decades has produced rye lines which are less
susceptible to inbreeding depression. The challenge
in this study was to stabilise the genome of the rye
parents as much as possible without weakening their
capacity to produce sufficient quantities of pollen. Rye
parent R8 was an inbred maintainer rye from the
University of Sydney Rye Breeding Program and still
produced viable pollen after several generations of
selfing. The second rye parental line (R11) was much
more susceptible to inbreeding depression and hence
was selfed fewer times before crossing. This is
reflected in the slightly higher (but still low enough
to be quantified) polymorphism in secalin subunits.
Virdi and Larter (1984) concluded that while poly-
morphism in primary triticale can be reduced by use of
inbred parents, it cannot be totally eliminated.
Fig. 1 Storage proteins of durum, rye and their amphidiploid
offspring. Identification of the secaloglutelin subunits are
indicated on the figure, location of remnant monomeric secalins
and gliadins after washing in 50 % propan-1-ol are indicated on
the left. Lanes a and f, rye parent (R8); lanes c and d (durum
parents D9 and D11 respectively); lane b, primary triticale (D9 x
R8); lane e, primary triticale (D11 x R8); lane g, wheat standard
with 1BL.1RS translocation (Veery); lane h, triticale standard
(Titan)
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A much greater proportion of the total prolamin was
removed from rye compared to durum by multiple
washing with 50 % propan-1-ol. Rye differs from wheat
in that a larger proportion of the polymers stabilised by
disulphide bonds are soluble in ethanol (Field and
Shewry 1987; Gellrich et al. 2003). Such polymers
consist of the 75k c-secalins and HMW secalins.
The 40k c-secalin and S-rich gliadins (a-, b-, and c-
gliadins) were not removed particularly well by
washing with 50 % propan-1-ol. Complete removal
of alcohol-soluble storage proteins is difficult from
manually crushed grains, although the possibility
remains that some alcohol-soluble gliadins and seca-
lins were incorporated into insoluble secaloglutenin
aggregates in the developing grain and hence were
unable to be removed without sonication (Altpeter
et al. 2004; Field and Shewry 1987).
Expression of secaloglutenins in primary triticale
All primaries were found to express identical secal-
oglutenin subunits to their respective parental lines
(Fig. 1). Thus if mixed polymers are formed in
primary triticale, as hypothesised by Virdi and Larter
(1984) and Rozynek et al. (1998), they were not
apparent amongst the denatured secaloglutenins of
this set of 23 primary triticale lines. There were five
instances where a different Glu-R1 allele was
expressed to the Glu-R1 allele of the parent in the
adjacent channel, however these were all within the
limited polymorphism observed in the R11 parent.
Bands present in the LMW region that were present in
durum but not in triticale were most likely gliadins
which had not been completely removed rather than
LMW glutenins which were not expressed in the
amphidiploid. This is evidenced by the variable
density and inconsistent presence of these extra bands.
It has been suggested that there is genetic suppres-
sion of certain prolamin genes in triticale, and/or
chromosomal instability which may result in the loss
of prolamin subunits (Field and Shewry 1987; Virdi
and Larter 1984; Bernard et al. 1990; Rozynek et al.
1998; Zhang et al. 2008). However, these authors did
not report the level of homozygosity in the rye parent
and provided no evidence that differences in band
intensity were not a result of environmental influences
during grain protein accumulation. Our study did not
find any evidence that secaloglutenin subunits are
abnormally expressed in a primary triticale compared
to its parents, but cannot rule out the possibility in
other parts of the genome, particularly amongst the
gliadins, 40k-csecalins and x-secalins. Differences in
gene expression, genetic aberrations and novel alleles
have been observed during the creation of synthetic
wheat and in other triticale genes (Tikhenko et al.
2005; Dreisigacker et al. 2008).
Furthermore, whilst it is unlikely that there are
systematic differences in genetic expression of secal-
oglutenin subunits, it remains probable that mixed
aggregates at the ultrastructure level are formed between
secalins and glutenins in the developing amphidiploid.
The presence of 40k c-secalins in the reduced protein
fraction suggested this. Scanning electron micrographs
of durum, rye and their derived primary triticale clearly
reveal the differences in the ultrastructure of gluten
produced from durum, rye and triticale (Orth et al.
1974). In a study of transgenic rye, mixed polymers
were formed between rye secalins (including normally
monomeric types) and HMW glutenins (Altpeter et al.
2004). The authors also observed an increase in the
proportion of normally monomeric proteins in the
polymeric protein fraction, suggesting 40k c-secalins
were incorporated into insoluble secaloglutenin aggre-
gates. Similarly, Field and Shewry (1987) concluded
that triticale formed at least some mixed polymers and
oligomers based on by differences in solubility between
triticale and its parents. They also found the x-gliadins
were present in lower amounts in triticale compared to
the parental wheats, as was observed here by simple
visual examination of band densities. Triticale has a
different ratio of secaloglutenin to gliadin and different
gliadin solubility compared to wheat, and different
gliadins are found in different quantities among culti-
vars (Chen and Bushuk 1970; Gellrich et al. 2003;
Salmanowicz and Nowak 2009).
Combined with this different secaloglutenin behav-
iour in the amphiploid genome, secaloglutenin mobil-
ity is not conclusive evidence of the presence of a
certain subunit. Many subunits of similar mobility on
SDS-PAGE may have different physical properties
e.g. Subunit 10 from Glu-B3 and subunit 12 from Glu-
B2. Hence the gluten strength of the amphiploids was
examined by SDS-sedimentation.
Secalogluten strength
Field-grown grain was produced in sufficient quanti-
ties to examine secalogluten strength in 11 lines
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representing four cross combinations (Table 4). SDS-
sedimentation revealed clear differences between prima-
ries produced from different durum genotypes. Primaries
from D2 had significantly greater gluten strength than
primaries created from D12 or D9 (P \ 0.001, Table 4).
D2 has the favourable HMW glutenin alleles Glu-A1b
(subunit 2*) and Glu-B1f (13 ? 16) (Branlard and
Dardevet 1985) however further investigation is required
to confirm the source of the high gluten strength in this
cross compared to the other crosses. Protein content
was not a significant covariate in prediction of SDS-
sedimentation (P = 0.738).
Several authors have noted the poor gluten quality
of triticale, which has short mixing time and poor
strength (Varughese et al. 1996). However, studies
which have attempted to link the expression of specific
glutenin alleles with this poor quality have either been
inconclusive (Pen˜a et al. 1991; Tohver et al. 2005) or
could only observe an effect when there was an
absence of allele expression (Ciaffi et al. 1991).
Regardless of which loci or alleles have the greatest
influence on gluten strength in triticale, our results
suggest that the dough properties of triticale can be
significantly improved by selecting parents of high
gluten strength.
Conclusion
There was no evidence of genetic differences in
secaloglutenin expression between triticale and its
parental genotypes, however, it remains possible that
the ultrastructure of the polymeric proteins is altered in
the amphidiploid. Further investigation into the gluten
strength of primary triticale compared to its parents
should be conducted on a larger set of lines which has
representatives of both rye parents in all crosses, and
performed on grain sourced from replicated environ-
ments. The high protein content and high SDS-
sedimentation of these primary triticales suggests they
have the capacity to produce high volume bread,
particularly those resulting from durum D2. These
primaries are currently being crossed to locally
adapted lines to introduce gluten strength into high-
yielding backgrounds.
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Chapter 6 
 
 
The influence of dual-purpose production 
on triticale grain quality 
 
 
Dual-purpose triticale is a cropping system which involves removal of green biomass prior to 
booting (either by grazing or cutting), then growing plants to maturity and harvesting the 
grain. This system produces a large yield of green biomass for livestock and moderate yield 
of grain when utilising the correct genotypes and agronomic conditions. The influence of the 
removal of green biomass on wheat grain quality is usually negative, however given the thick 
seed coat of triticale it was hypothesised that there may be a positive effect on ash content 
and hence flour quality in a dual-purpose triticale system. One preliminary study from 
Bangladesh suggested this may be the case. Hence this chapter investigated the possibility of 
utilising grazing as a means to reduce the ash content of triticale grain as a component of 
product quality.  
This body of work was published in Cereal Research Communications 41(3): 448–457. 
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Triticale is a high yielding cereal grain which performs well as a dual-purpose crop (both
mid-season biomass and end-season grain harvests), however, is usually inferior to wheat un-
der the requirements of a high-value milling grain market. There is potential to increase the
profitability of dual-purpose triticale by improving grain quality for food products. Currently
the ash content of triticale grain is above acceptable limits and protein content is usually below
the requirement for a milling market. This research compared the yield, test weight, ash and
protein content of four winter triticale genotypes in replicated grain only and dual-purpose
treatments over five year-site environments, based on a previously reported hypothesis that re-
moval of triticale biomass reduces grain ash content.
Cutting had a highly variable influence on yield and protein content between genotypes.
Ash content was either unaffected or increased by cutting, again depending on the genotype.
Ash content was negatively correlated with both stage of plant development when cut (ex-
plaining 82% of the variation) and amount of dry matter removed (explaining 65% of the vari-
ation). The results suggest that ash content in dual-purpose triticale grain may be reduced by
combining suitable cultivars with later cutting; however, this may also decrease the grain pro-
tein content. It is unlikely that grazing or cutting is a suitable strategy to reduce ash content in
triticale to the level required by wheat milling markets.
Keywords: dry matter, mineral content, grazing, hay, silage
Introduction
Triticale (× Triticosecale Whittmack) is a vigorous wheat-rye cross which produces a high
yield of both green biomass and grain throughout the world’s cereal-growing regions, par-
ticularly on acidic soils. Triticale performs significantly better than dual-purpose wheat and
can produce similar dry matter and grain yields to oats over a winter season (Matthews and
McCaffery 2011). However, unlike either of its parental species, triticale grain is rarely used
in processed flour products such as loaf bread, flat bread, pasta and biscuits. Reasons quoted
by various authors include poor gluten strength, low milling yield, high alpha-
amylase activity, sticky dough, unsatisfactory colour and high ash content (Peña 2004;
0133-3720/$20.00 © 2013 Akadémiai Kiadó, Budapest
Cereal Research Communications
DOI: 10.1556/CRC.2013.0022
* Corresponding author; E-mail: angela.dennett@sydney.edu.au
Cereal Research Communications 41(3), pp. 448–457 (2013)
DOI: 10.1556/CRC.2013.0022
First published online 26 March 2013
Cereal Research Communications 41, 2013
DENNETT and TRETHOWAN: Grain Quality of Dual-purpose Triticale 449
McGoverin et al. 2011). If product quality could be improved, triticale may become an al-
ternative to bread wheat with high yielding dual-purpose (biomass and grain) production.
Ash content is defined as the total mineral content (inorganic residue) of flour, with
around 97% found in the bran layer (AACC 1996). High ash content in wheat flour is asso-
ciated with poor baking properties, low milling yield and darker colour (Rasper and
Walker 2000) and is one of the key constraints to the adoption of triticale in processed
food products (Peña 2004). Ash content in triticale is generally significantly higher than
wheat (Peña and Amaya 1992; Leon et al. 1996; Klopfenstein 2000; Cyran et al. 2002;
Boros 2006; USDA 2011), although the study of Roux et al. (2006) was an exception. The
ash content of white triticale flour depends on the milling conditions relative to the variety
and thus some studies reported ash content within acceptable limits (Peña and Amaya
1992) while others exceeded the standard (Dennett et al. 2009) set by the AACC for yeast
breads (Halverson and Zeleny 1988).
In a study from Bangladesh, grain ash content was significantly lower in triticale which
had been cut for hay compared to grain from an uncut crop (Haque et al. 2006). Further-
more, the grain protein content for both cut and uncut plots was high and did not decrease
significantly following cutting. This raised questions regarding a possible benefit to flour
quality when triticale biomass is removed, thus increasing the potential economic return
from mixed livestock/cropping production.
The aim of this study was to investigate the influence of cutting on triticale flour qual-
ity, specifically considering the influence on ash content. This trial presents preliminary
results from a larger study into the bread-making potential of Australian triticale varieties
and breeding lines.
Materials and Methods
Field experiments
Preliminary trials were conducted at Greendale and Narrabri in 2009 and 2010, respec-
tively (sites JP09 and NARR10, Table 1). Dual-purpose varieties Tobruk and Endeavour
were sown at 60 kg ha–1 seed density in 6 m2 plots and either cut with shears to approxi-
mately 5 cm plant height (phenology, plant development stage when cut, and dry matter
removed from cutting + grain treatments is given in Table 2), or left to produce a grain
crop only. Green biomass was oven dried at 70ºC for 5 days before weighing. Growing de-
gree days were calculated with baseline temperature of 4ºC (Schwarte et al. 2005).
Long-season trials with two dual-purpose breeding lines (labelled 141014 and 145004)
plus Tobruk and Endeavour were sown at Greendale in 2010, and Greendale and Cowra in
2011 (sites JP10, JP11 and COW11, Table 1). Plots were arranged in completely random-
ised blocks with 6 m2 plots at Greendale and 13.125 m2 plots at Cowra at 100 kg ha–1 seed
density and fertilised with Granulock 15 at sowing and Urea shortly after cutting. Bio-
mass was cut and dried as above, with only 1 m2 retained for weighing in 2011. The grain
harvest in 2010 and 2011 at all sites was delayed due to rainfall and the degree of grain
Cereal Research Communications 41, 2013
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sprouting was assessed was based on a random sample of at least 25 grains, with sprouting
defined as the breaking of the pericarp over the embryo.
Quality analysis
Grain protein and moisture content was analysed by NIR on a FOSS Infratec 1241 Grain
Analyzer using triticale calibration TR260180 developed by FOSS. Final protein content
was adjusted to 11% moisture basis. Test weight was measured on the FOSS Infratec us-
ing the test weight module.
Wholemeal flour was ground on a Newport Scientific 600 Hammer Mill with 0.5 mm
screen. Moisture content was determined by weighing 5 g of wholemeal flour and heating
at 135ºC for at least 1.5 h. The sample was then covered, cooled to room temperature and
weighed. Ash content was assessed on wholemeal flour using AACC standard methods
08-01 (AACC 1996). Wholemeal was used in preference to white flour to prevent results
being confounded by variable milling yield.
Statistical analysis
Results were analysed on Genstat 14th ed. using REML, multiple linear regression and the
correlation function at a 5% significance level. The REML model used was
Constant + Line + Treatment + Line.Treatment + Sprouting
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Table 2. Age, phenology and dry matter removed in the cutting treatments and sprouting
for all genotypes and sites
Age of crop Phenology Dry matter Grains
Trial Genotype at cutting at cutting cut per plot sprouted at
(days) (Zadok score) (kg ha–1) harvest (%)
JP09 Endeavour 83 29 744.2 0.0
Tobruk 83 28 705.8 0.0
NARR10 Endeavour 90 – 2380.8 0.0
Tobruk 90 – 2140.8 0.0
JP10 141014 129 29 1277.4 35.9
145004 129 30 1213.7 72.0
Endeavour 129 29 1198.9 0.0
Tobruk 129 29 1332.4 25.7
JP11 141014 119 23 341.0 35.0
145004 119 20 329.5 64.6
Endeavour 119 19 275.0 5.8
Tobruk 119 20 362.0 20.6
COW11 141014 114 48 2037.1 35.9
145004 114 42 1033.3 42.7
Endeavour 114 28 507.2 37.8
Tobruk 114 28 668.3 10.6
with sprouting as a covariate representing percentage of grains sprouted. Variates were
also analyzed excluding the rain-affected sites JP11 and COW11 and appropriate results
from the restricted data sets are presented.
Results
Grain yield was influenced by high environmental variability among sites, the incidence
of sprouting at JP10, JP11 and COW11 (Table 2, correlation of –0.700) (thus sprouting
was included as a covariate in the model), high late-season biomass production at sites
with late season rain, and disease pressure (rust was particularly prevalent at JP10 and
JP11). Tobruk out-yielded other lines on average (P < 0.001, Table 3); however, there was
no clear influence of cutting on grain yield for any variety (P = 0.175). High rainfall late in
the 2010 and 2011 growing seasons not only induced some sprouting but also increased
the biomass and grain yield of vigorous lines. When rain-affected sites COW11 and JP11
are excluded from analysis, the influence of biomass cutting on grain yield becomes statis-
tically stronger (P = 0.078). The degree of sprouting (defined as simply the breaking of the
pericarp) was significantly different among genotypes but did not vary between cut and
grain only plots (P < 0.001and P = 0.317, respectively), and had no detectable influence
on test weight (P = 0.151).
No correlation was observed between phenology or plant development stage and grain
yield (Table 4). This is despite the fact that plots cut later in development (particularly af-
ter tillering) were expected to have lower yield (Matthews and McCaffery 2011). Grain
protein and yield (P = 0.5827) were also not significantly correlated. Test weight was not
significantly influenced by cutting (P = 0.47), however, clear differences were found
among lines (P < 0.001). Tobruk and 141014 reached the marketing target of 65 kg hL–1
test weight for triticale in Australia (Matthews and McCaffery 2011); however, all plots
were well below the Australian wheat milling standard of 76 kg hL–1 (Honey 2010).
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Table 3. Mean grain yield and test weight of cut and uncut plots
Genotype Treatment
Grain yield Test weight
(t ha–1) (kg hL–1)
141014 Grain only 2.83 66.7
Cutting + grain 2.76 67.2
Average 2.79 66.9
145004 Grain only 2.70 63.6
Cutting + grain 2.71 64.9
Average 2.71 64.2
Endeavour Grain only 3.17 63.5
Cutting + grain 3.09 63.8
Average 3.13 63.7
Tobruk Grain only 4.24 67.0
Cutting + grain 3.30 66.7
Average 3.77 66.9
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Overall, grain protein content was not significantly influenced by cutting (P = 0.204,
Fig. 1). However, amongst the cut plots only, the age of cutting was negatively correlated
with protein content i.e. the more developed the plants at cutting, the lower the protein
content of the grain (R2 = 0.273, P = 0.0074).
The response of ash content to cutting differed among genotypes. Ash content of
Endeavour and Tobruk was higher in cut plots, whereas no significant effect of cutting
was detected on 141014 and 145005 (Fig. 1). Amongst cut plots, just under half the ash
content was explained by plant development stage when cutting occurred (R2 = 0.459);
similar to protein, the later the crop was cut the lower the ash content recorded. If the
rain-affected 2011 results are excluded, the correlation between ash content and develop-
ment stage when cut increases to –0.9029, explaining 82% of ash content in cut plots. Ash
content amongst cut plots was also negatively correlated with the amount of dry matter re-
moved (–0.8048, P = 0.0089).
Grain yield was positively correlated to ash content, explaining 18% of the variation.
Protein content was also positively correlated with ash content, explaining 33% of the
variation (P = 0.0025) (Feil and Fossati 1995).
Discussion
It would be of considerable financial and environmental benefit to farmers to have a high
yielding alternative to wheat or oats for biomass with at least the same level of grain qual-
ity as dual-purpose wheat. In Australia, grain from dual-purpose wheat varieties can be
classed up to Australian Standard White or Noodle quality (Matthews and McCaffery
2011).
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Figure 1. Grain characters in response to cutting. (a) Ash content; (b) Protein content, both corrected to 11%
moisture basis. Dark columns represent grain only treatment, light columns represent the cutting + grain
treatment. Error bars indicate the 5% LSD for the cut treatment
(a) (b)
Haque et al. (2006) found that grain ash content decreased after removing biomass.
However, in this study the average ash content of wholemeal flour was either equal or
greater under a dual-purpose system. The trend may be the result of reduced photosynthate
accumulation in developing grains (Dann et al. 1983) which increases ash and protein con-
centration by default (Ohm et al. 1998). The situation may be different in white flour,
where the influence of the pericarp and its deep crease is removed and only endosperm
minerals are considered (and thus carbohydrates per seed is irrelevant).
Furthermore, despite the fact that later cut plots had less ash than earlier cut plots (par-
ticularly lines 141014 and 145004), later cutting still did not reduce ash content to a com-
mercially acceptable level. Indeed, triticales in this study produced ash contents 30%
higher than the usual range for ash in Australian milling wheat of 1.4 to 1.5% (GrainCorp
2010). Therefore at best cutting can be used to partially reduce ash content in triticale, not
as the sole technique.
Studies on winter wheat usually conclude cutting or grazing green biomass has little or
no influence on grain quality in fertile environments (Royo and Tribo 1997; Khalil et al.
2002; Holman et al. 2009).
The grain yield in this study was influenced by unusually wet springs in 2010 and 2011
in south-eastern Australia. However, no observed influence of sprouting on ash content
was detected. Most minerals remain in the grain in the early stages of germination unlike
starch, which is converted to sugar then to carbon dioxide. The cause of minor changes in
ash content in the first stage of germination is likely to be indirect, via starch hydrolysis
and reduction in total grain weight, and unlikely to significantly influence the results of the
barely germinated grain samples from this trial.
High ash content in triticale compared to wheat is partially due to grain morphology –
triticale has a deep crease and in the past had a reputation for shrivelled grain (Peña 2004).
There has been little or no selection for ash content in triticale, however, selecting for
plump grains with a shallower crease in dual-purpose varieties would have had an indirect
effect on ash content by improving the ratio of pericarp to endosperm. Along with contin-
ual improvement in grain appearance, variability in other grain quality characters should
be exploited in triticale breeding over the next few decades to improve farm productivity
and potential profitability. When combined with appropriate dual-purpose management,
milling-quality triticale varieties have the potential to improve the profitability of mixed
farming systems.
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Chapter 7 
 
 
Milling efficiency of triticale grain for 
commercial flour production 
 
 
 
One of the key hindrances to the adoption of triticale by industry is poor milling yield. 
Soft and hard wheat require different tempering conditions, and rye grain requires 
special rollers and tempering to achieve optimum flour yield. Hence the development 
of a milling methodology which is optimised to triticale has the potential to increase 
the milling yields and the value of triticale to the milling market. This chapter 
investigated the optimum tempering conditions for triticale lines of different hardness. 
This body of research was published in the Journal of Cereal Science 57: 527-530. 
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Triticale is a high yielding cereal grain, however low milling yields have discouraged its utilisation as a
wheat alternative in processed ﬂour products. This research investigated the role of hardness, grain size
and tempering moisture on milling yields in modern triticale genotypes which do not exhibit shrivelled
grain morphology. Replicate samples of three triticale varieties grown in two environments with a bread
wheat standard were milled at ﬁve moisture contents. Both milling yield and ash content increased with
decreasing tempering moisture in all genotypes. Triticale milling yield was between 7.1% and 10.1% less
than wheat when tempered between 11% and 15% moisture respectively. The very hard textured triticale
exhibited extremely low milling yield, similar to durumwheat. The ratio of ash in ﬂour compared to bran
was greater in triticale and the ash content of triticale ﬂour could not be reduced to the level of wheat by
alteration of tempering moisture. Surface area of larger triticale grain may also inﬂuence ideal tempering
moisture, however further investigation is required. Milling yields and ﬂour protein content in triticale
can be improved by tempering triticale to lower moisture content, provided high ash content is not
considered unfavourable in the ﬁnal product.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
Triticale (X Triticosecale Whittmack) is a potential alternative to
wheat in processed ﬂour products such as bread, ﬂat bread, cakes or
pasta. The milling efﬁciency of triticale is lower than wheat and
hence millers receive less ﬂour (and less potential proﬁt) per mass
of grain purchased. Factors known to inﬂuence milling efﬁciency
include grain hardness, tempering moisture, grain morphology and
mill settings such as speed, roller type and environmental condi-
tions (Darvey et al., 2000). Of these, grain hardness has a marked
inﬂuence on milling efﬁciency through the shearing force required
to separate bran from endosperm. Addition of water to grain prior
to milling (tempering) is used to bind the bran together as rollers
separate the outer seed layers from the endosperm. The target
moisture content is selected to obtain the optimal balance between
removal of enough bran, which contaminates the ﬂour, and
obtaining the maximum ﬂour yield. Tempering moistures from 13%
to 16.5% can be utilised, depending on grain hardness and the
desired ash content in the ﬁnal product (Izydorczyk et al., 2012;
Kweon et al., 2009; Posner, 2000). The amount of bran remaining in
ﬂour is correlated to ﬂour ash content, with 0.4e0.5% considered
the optimal range for wheat in Australia (GrainCorp, 2010).: þ61 2 6799 2239.
edu.au (A.L. Dennett),
All rights reserved.Little information is available on optimal tempering moisture
for milling modern triticale varieties, which not only vary greatly in
their texture but produce large and completely ﬁlled grain when
grown in good ﬁeld environments. Shrivelled grain morphology
with a deep seed crease in genotypes from the 1970s and 1980s was
proposed as the primary reason for poor ﬂour recovery (Amaya
et al., 1986; Darvey et al., 2000), even to the point of predominat-
ing over grain hardness in its role on milling performance (Peña
and Amaya, 1992). The main difference in grain morphology be-
tweenmodern triticale andwheat is grain size, with triticale having
longer grain and higher thousand kernel weight (Darvey et al.,
2000).
Furthermore, triticale was originally characterised as a soft-
grained cereal and most studies have tempered the grain to 15%
moisture or less e.g. Macri et al. (1986); Naik et al. (2010); Peña and
Amaya (1992); Saxena et al. (1992); Serna-Saldivar et al. (2004).
However, triticale exhibits the full range of hardness from very soft
to very hard (Li et al., 2006) and there is little evidence that the
hardness of triticale grain was assessed before milling in most
published research.
This investigation considers the inﬂuence of incorrect
tempering of triticale relative to grain hardness and ﬂour quality,
and was based on the hypothesis that tempering triticale to
moisture contents appropriate to grain hardness will maximise
milling yields in modern triticale genotypes. If milling yields in
triticale can be improved, the grain will have greater utility and
value and is likely to be more proﬁtable to farmers and processors.
A.L. Dennett, R.M. Trethowan / Journal of Cereal Science 57 (2013) 527e5305282. Experimental
Twomedium-soft triticale genotypes (D12/Tatu and Endeavour)
and one hard triticale (Berkshire) were grown in two environments
eGreendale NSW, 2009 (JP09) andNarrabri NSW, 2010 (NARR10). A
bread wheat standard (Sunco, Australian Prime Hard quality) was
also grown at NARR10. Experimental plots at JP09 of 4.8 m2 in a
paddock which was previously unimproved pasture received
100 kg/ha of Starter 15 base dressing, 150 kg/ha Urea at approxi-
mately 6 weeks followed by 2 L/ha Supa Trace then topdressing of
Nitrophoska at 12weeks. Plots of 5m2 atNARR10 received80kg/ha
GranulockSupreme at sowing and150kg/haUreaatﬁrst irrigation.
Harvested grain was dried in desiccators at 40 C to below 12%
moisture (4e18 h) prior to tempering to 13%, 14% or 15% moisture,
or dried to approximately 10%moisture for tempering to 11% or 12%
moisture. Deionised water was added to duplicate 50 g subsamples
from each plot, then samples were placed on shakers for 30 min
and left to stand overnight prior to milling. Moisture and protein
content of whole grain was quantiﬁed on an Infratec 1241 analyzer
(FOSS, Denmark) using triticale calibration TR260180 and the result
was adjusted to 11% moisture basis. Test weight was also measured
on the FOSS Infratec 1241 analyzer using the automatic test weight
module.
Milling was performed on a Quadrumat Junior Mill (Brabender,
Germany). Wholemeal samples were ground on a Newport Scien-
tiﬁc 600 Hammer Mill with 0.5 mm screen (Perten, Australia).
Hardness, grain width and thousand kernel weight were assessed
on 300 sound grains in a Single Kernel Characterisation System
(SKCS; Perten, Sweden) according to AACC 55-31 (AACC, 1995).
Ash content was assessed on duplicate samples according to
AACC 08-01 and expressed at 14% moisture basis (AACC, 1995).
Moisture ofwholemeal ﬂourswas determined on duplicate samples
by oven drying 5 g for 2 h at 135 C then allowing samples to cool
before weighing. Flour moisture and protein content was deter-
mined by Near-Infrared Reﬂectance (NIR) on an Inframatic 8100
PerCon (Perten, Sweden) which had been calibrated using a hard
bread wheat. Absolute values for ﬂour protein and moisture must
thus be interpretedwith caution. Flour colourwasmeasured using a
Minolta Chroma meter CR-400 (Konica Minolta, Tokyo, Japan).
Surface area of grains was estimated based on image analysis of
three replicates of each grain sample and SKCS assessment of grain
width. Digital images of 6 g of each grain sample in a petri dish
were captured and the ﬂat surface area, number of grains and
average aspect ratio of each grain was determined using ImageJ v.
1.46 software. The formula used to extrapolate grain surface area
from average width (W) and length (L, using aspect ratio) was
based on Jain and Bal (1997).
Surface area ¼ pWL2=ð2LWÞ
3. Results and discussion
3.1. Grain texture and tempering moisture
The lowest milling yield was produced by the hardest triticale
(Berkshire) at all moisture contents (Fig. 1a). This supports results
in triticale from other authors (e.g. Amaya et al., 1986; Saxena
et al., 1992). Berkshire was classiﬁed as hard grained (harder
than Sunco bread wheate Table 1) andmilling yields of Berkshire
were similar to durum wheat var. Bellaroi, a grain of similar
hardness (unpublished results). Grain hardness in triticale is
largely due to the expression of secaloindolines from the rye
genome (Li et al., 2006; Salmanowicz, 2010). Saxena et al. (1992)
also noted that hard triticale behaved like durum rather than
hard wheat, as was observed here.Similar to wheat, tempering moisture had a highly signiﬁcant
inﬂuence on milling yield in triticale (Kweon et al., 2009). Milling
efﬁciency decreased between 11% and 15% moisture (P < 0.001)
regardless of environment (P ¼ 0.794) and genotype (P < 0.001)
(Fig. 1a). Milling yield was signiﬁcantly negatively correlated to
both grain hardness (0.4857) and ash content (0.6538) (Table 2).
The time required for water to penetrate the bran and endo-
sperm depends on the hardness of the grain. In industry, soft wheat
is usually tempered for around 10 h, depending on its initial
moisture content, and hard wheat is tempered 24 h or longer
(Posner, 2000). However, durum wheat (destined for semolina) is
usually tempered for 6 h, whereas rye is tempered between 6 and
15 h (Lorenz, 2000; Posner, 2000). It is possible the standardisation
of tempering time for experimental purposes had a negative in-
ﬂuence on the milling yield of Berkshire and Sunco. Further
investigation should be conducted into the relationship between
tempering time, tempering temperature and hardness in triticale,
with consideration of other methods used in industry such as
double tempering (increasing moisture content in 2 stages) and
spraying water onto the grain surface 30 min prior to milling.
3.2. Surface area
Both the total surface area per mass of grain and average single
grain surface area differed depending on the variety (P < 0.001).
Triticale surface area per grain at NARR10 ranged from 29.5 mm2 to
41.1 mm2 (Table 1). Average surface area per grain of Sunco was
around 25% below the range of wheat surface area determined in
other studies (Al-Mahasneh and Rababah, 2006; F _eratl _egil-Durmus¸
et al., 2010; Karimi et al., 2009). This may be partially due to
growing conditions, varietal characteristics and smaller seeds and
seed pieces being included in our image analysis to best reﬂect the
milled grain. Grains were signiﬁcantly smaller at JP09 compared to
NARR10 (P < 0.001).
On an individual grain basis, Berkshire had signiﬁcantly larger
surface area than both the wheat and other triticales. Berkshire had
signiﬁcantly higher surface area per mass of grain than other trit-
icale varieties but was not signiﬁcantly higher than Sunco. This
observation is explained by differences in thousand kernel weight:
there are less grains in a sample of Berkshire compared to an equal-
weighted sample of Sunco (Table 1). It is not possible to differen-
tiate the inﬂuences of grain hardness and surface area on milling
yield in this experiment as grain hardness was aliased with surface
area in the regression model. An accurate comparison would
require a multi-site experiment which produces samples of
different seed size from the same variety with similar hardness
between sites. In a large survey of American soft wheat, kernel size
had a small positive correlation with milling yield (Breseghello and
Sorrells, 2006). The inﬂuence on absorption of tempering moisture
of other variety-speciﬁc characteristics should also be considered in
triticale, such as variations in vitreousness of the endosperm and
high non-starch polysaccharide content (Boros, 2006; Posner,
2000). Rye is milled using corrugated rollers as smooth rollers
tend to ﬂake the bran due to its high non-starch polysaccahride
content (Peña, 2004).
3.3. Ash content and ﬂour brightness
Ash content in both thewhole grain and ﬂour weremuch higher
in triticale compared to Sunco and supports previous ﬁndings (Naik
et al., 2010; Peña, 2004; Serna-Saldivar et al., 2004) (Fig. 1b).
However, a similar proportion (approximately 60%) of the total
grain ash was removed from the wheat compared to the medium-
soft triticales during the milling process (Table 1). This suggests
that the higher whole grain ash content in these triticale varieties is
Fig. 1. Flour characteristics for all sites. a, Milling yield (approximate LSD ¼ 1.57%); b, Ash content (approximate LSD ¼ 0.03%); c, Flour brightness (approximate LSD ¼ 1.16); d, Flour
protein from NARR10 (approximate LSD ¼ 0.98%). Note differences between genotypes for protein and ash are partially due to differences in initial grain protein and ash content.
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higher mineral content throughout the grain. In the very hard
triticale, a much lower proportion (42.5%) of the ash was removed
by milling; this is unexpected as 53.7% of grain was removed as
bran (much more than in the softer lines). It appears that Berkshire
is particularly high in ash content throughout the grain, and that a
greater proportion of the ash content is retained in the ﬂour
compared to other triticale lines. This observation is conﬁrmed by
the signiﬁcantly darker ﬂour colour of Berkshire compared to other
genotypes at all tempering moistures (Fig. 1c). Tempering moisture
had a signiﬁcant inﬂuence on ﬂour brightness (P < 0.001), and
brightness was signiﬁcantly correlated with ash content (0.929)
in all genotypes (Fig. 1c).Table 1
Grain and ﬂour characters of selected triticale lines (Berkshire, Endeavour and D12/Tatu)
Grain
moisture
content (%)
Grain protein
(% at 11%mb)
Flour
protein
content (%)
Total grain surface
area (mm2 in 50 g)
Single gra
surface
area (mm
JP09
Berkshire 11.98 13.26 12.2 2074.49 34.7
Endeavour 8.79 12.85 9.6 1251.90 23.4
NARR10
Berkshire 10.36 10.50 9.0 3777.18 41.1
D12/Tatu 9.94 11.56 8.8 3092.83 33.8
Endeavour 8.95 11.58 8.8 3012.75 29.5
Sunco 9.50 10.95 10.3 3643.19 33.7
Flour characters are based on triticale samples milled at 13% tempering moisture and hi3.4. Protein content
Flour protein content decreased with increasing tempering
moisture (P ¼ 0.029) (Fig. 1d). Therefore milling triticale at a lower
tempering moisture will produce a higher protein ﬂour. A very
large proportion of the grain protein was lost after milling D12/
Tatu and Endeavour in comparison to Berkshire and Sunco. Triti-
cale tends to lose a greater proportion of its grain protein content
during milling than wheat e.g. Lorenz et al. (1972); Macri et al.
(1986); Serna-Saldivar et al. (2004). Maximising the protein con-
tent of ﬂour may have marketing beneﬁts for triticale products,
however the inﬂuence on end product quality requires further
investigation.and a bread wheat standard (Sunco) from two growing environments.
in
2)
Grain
hardness
(SKCS)
Test
weight (g)
Thousand
kernel
weight (g)
Grain ash
content (%)
Flour ash
content (%)
Ash removed
by milling (%)
79.91 72.36 39.97 1.67 0.96 43
32.02 62.80 28.78 2.01 0.71 65
70.68 75.96 44.84 1.64 0.89 42
36.22 70.73 40.48 1.75 0.63 62
47.10 68.26 34.58 1.86 0.63 60
59.59 77.72 37.25 1.37 0.54 58
gher, Sunco is based on 15% tempering moisture only.
Table 2
Correlations between measured ﬂour quality variates.
Hardness 0.6666
Flour ash (14%mb) 0.929 0.5761
Milling yield 0.4548 0.4857 0.6538
L* Hardness Flour ash (14%mb)
All correlations were signiﬁcant at a 5% level.
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The current standards for wheat ﬂour quality are generally too
high to be applied to triticale. The role of ash content in end product
quality should be considered before triticale ﬂour is used as an
alternative to wheat. For example, triticale ﬂour would not be
appropriate for white salted noodle production as the colour is
likely to be too dark, regardless of tempering conditions (Fig. 1c).
However, a darker colour may be inconsequential in cookie pro-
duction or even desirable in products targeting health-conscious
individuals. The same is true for wheat, where higher milling
yields can be obtained if ash content is considered less critical
(Kweon et al., 2009). The development of a system of grain classi-
ﬁcation for triticale varieties would allow scientists and plant
breeders to develop lines which are appropriate to market de-
mands and allow processors to source grain for speciﬁc end prod-
ucts (Fohner and Hernández Sierra, 2004). This will also improve
efﬁciency by facilitating batch milling with varieties of similar
texture and ash content.
4. Conclusion
Milling efﬁciency of modern triticale is higher at lower
tempering moistures regardless of physical grain hardness, how-
ever similar to wheat, the ﬂour ash content also increases as a
result. Further investigation is required into the role of hardness
and surface area onmilling yield.With the establishment of varietal
classiﬁcation, softer textured triticale varieties can be milled to the
same extraction rate as wheat (and produce maximum ﬂour pro-
tein content) when being utilised in food products which do not
require low ash ﬂours.
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For decades triticale has been described as a species ‘with promise’ (Lelley 1992; Mergoum 
and Gómez-Macpherson 2004; Oettler 2005). It appears that modern triticale cultivars are no 
different. In the 1970s and 80s the foremost problems with triticale were genetic flaws e.g. 
shrivelled grain, high α-amylase production, dough stickiness, poor gluten, etc. Sufficient 
genetic variation now exists across modern Australian triticales to produce cultivars 
equivalent to wheat for most quality characters. Furthermore, application of knowledge from 
modern wheat research can be used to rapidly improve triticale quality, including integration 
of favourable glutenin alleles from wheat, correctly tempering grain, and adaptation of high-
throughput quality tests used in wheat breeding and processing. 
Although the genetic variability exists amongst current lines and cultivars to produce quality 
triticale flour, the favourable genes are scattered throughout the breeding lines and programs 
(Chapter 3). Pyramiding these genes into locally-adapted cultivars will take significant time 
and investment, particularly for poorly heritable characters such as α-amylase production, and 
multi-gene traits such as milling yield. The use of molecular markers developed in wheat can 
speed up this process with minimal additional investment e.g. Kuchel et al. 2006. 
Nevertheless, production of cultivars which can be used unblended in baked food products 
such as cakes, cookies, pastries and flat breads will require a long-term investment. A recent 
report into investment in triticale, durum and oat breeding in Australia found a 2.72:1 return 
on investment for simply breeding cultivars with increased yield (GRDC 2008). Thus it is 
likely production of cultivars with higher market value would also produce a positive return. 
Certain modern cultivars already exhibit the genetic capacity to produce baked foods of 
acceptable quality, particularly when blended with bread wheat. The commercialisation of 
these cultivars for food products will require systems to be developed which connect the 
requirements of the processing industry to the growers in terms of classification guidelines 
and price incentives. Most triticale in Australia is grown for grain yield on poor soils with 
little attention paid to protein content (J. Roake, personal communication).  For triticale to be 
useful to a milling market, it must be produced under conditions equivalent to milling wheat, 
including fertiliser rates which maximise protein content. Dual purpose triticale production, a 
desirable and popular farming system in south-eastern Australia, does not produce milling-
grade grain (Chapter 6). 
A grain classification system similar to that used by the wheat industry should be developed 
for triticale to establish the desirable grain characteristics for a milling market. The current 
requirements of Grain Trade Australia permit any mix of varieties and no minimum protein 
content for a batch to be accepted into the single ‘Triticale’ grade (Grain Trade Australia 
2011). This means a miller has practically no knowledge of the potential flour quality of the 
batch prior to purchase. Classification guidelines which are appropriate for production of 
milling-quality triticale flour might include ranges for protein content, thousand kernel 
weight, α-amylase activity and ash content, and classify varieties into their suitability for 
various end uses with particular emphasis on grain hardness, and identify those with good 
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secalogluten forming capacity. This would increase the value of a batch of triticale to a 
processor, and allow a price premium to be paid to the grower as recompense for the higher 
costs associated with producing grain to a higher standard. For example, the hard-grained 
cultivar Berkshire should never be used in cake or biscuits; Hawkeye with high protein 
content grown in a low α-amylase environment may be suitable for flat bread or rye-style loaf 
breads; Yukuri may be suitable when blended with wheat for white-salted noodle production. 
As with all emerging industries, there are significant start-up costs. The cost of establishing 
the infrastructure for milling-quality triticale is a major hurdle. Not all silos have the capacity 
to receive batches of triticale, and most triticale is currently retained on-farm or sold to local 
feedlots (Cooper et al. 2004). The lack of economies of scale for transport, storage and bulk-
handling of milling-grade triticale leads to high costs of trade. Hence despite its lower market 
price, the cost to a miller of a batch of triticale is not necessarily less than a batch of milling 
grade wheat (D. Hogan, personal communication). This erodes one of the major benefits of 
triticale to processors and the market place. 
The development of high-throughput testing methods appropriate for triticale is essential for 
screening for quality in both science and industry. Recent publications show most research 
groups are applying the same methods used in wheat to triticale without consideration of the 
unique aspects of its grain morphology and chemistry. To better reveal the potential (and 
faults) of the grain, testing methods should be developed which are correlated to its 
performance under commercial conditions. Alteration of the falling number test should be top 
priority, as should development of mixograph/extensograph procedures which consider the 
lower water absorption and shorter mixing times of triticale. Furthermore, benchmarks for 
both ash content and protein content should be higher than in wheat, given that higher grain 
protein is required to produce a minimum level of flour protein, and triticale flour most likely 
has naturally higher flour ash than wheat. The ideal milling conditions for triticale are 
different to wheat due to its grain morphology (Chapter 7), and hence the methods used in 
scientific research should mimic best industry practice for triticale, rather than wheat. 
The utilisation of the Glu-D1d translocation was shown to increase dough strength in some 
backgrounds only, and that the effect was partially due to a simple increase in gluten content 
in the flour, not only an increase in gluten strength (Chapter 4). In light of the lack of 
selection for quality alleles amongst current populations, it is likely pyramiding quality 
glutenin and secalin alleles in current breeding populations needs to be conducted before the 
Glu-D1d translocation can be utilised to its full potential. Favourable alleles can be combined 
through a mixture of crossing and selection amongst current lines, and by creating primary 
triticales from parents with high gluten strength (Chapter 5). The influence of the secalin 
alleles should be thoroughly investigated, particularly the 75k γ-secalins. 
In conclusion, it appears the large-scale adoption of triticale grain in the food processing 
industry depends less on the genetic potential of the species than on the level of investment in 
breeding, screening and marketing. The next stage of scientific research should focus on the 
classification of all current Australian triticale cultivars into distinct classes which have been 
developed in consultation with industry. Methods for classification testing should be specific 
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to triticale e.g. modified falling number test; and have levels appropriate to the species e.g. 
higher maximum flour ash. The concurrent development of triticale cultivars with superior 
gluten strength and low α-amylase production should be a priority. With targeted breeding 
and investment, the species of ‘promise’ may be developed into a crop which is able to 
contribute towards the growing need for food in the 21
st
 Century. 
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